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14. ABSTRACT Self-injurious behavior (SIB) is a debilitating characteristic that is prevalent in autism spectrum disorders
(ASD). Although the prevalence suggests that these children are highly vulnerable, the neurological mechanisms that confer
vulnerability are unexplored. We have used an animal model to examine the expression and phosphorylation of DARPP-32, a
signaling molecule that integrates dopaminergic and glutamatergic signaling, since these neurotransmitter systems are thought
to play an important role in the etiology of SIB. In our model, SIB is brought about by repeated administration of the
psychostimulant pemoline. We titrated the dose to a level that provokes robust SIB in about 50% of the rats, and identified an
innate characteristic that confers vulnerability. When we pre-screened outbred Long-Evans rats for behavioral responsiveness
to mild stress, the rats that were hyper-responsive (HR) self-injured more severely than less stress-responsive (LR) rats did.
This finding has important implications for emotional and neurochemical factors that may contribute to vulnerability for SIB in
ASD, and suggest that these children should be tested for stress-related vulnerability to develop SIB. In addition, we
investigated DARPP-32 expression and activation (phosphorylation) in pemoline-treated HR and LR rats. The HR rats
exhibited the most self-injury, and they had the highest levels of DARPP-32 expression. However, the pemoline-treatment did
not differentially alter expression or phosphorylation of DARPP-32 in the HR vs. the LR rats. These findings suggest that a
higher innate level of DARPP-32 in striatal medium spiny neurons may enhance vulnerability for pemoline-induced SIB, but the

pemoline treatment does not induce self-injury through alterations in specific DARPP-32-mediated signaling mechanisms.
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Introduction

Autism spectrum disorders (ASD) are characterized by complex constellations of symptoms,
including social, cognitive, and behavioral pathology. Perhaps the most debilitating of these is
self-injurious behavior (SIB) (1-4). Afflicted children generally hit or bite themselves, and strike
their heads or other body parts against surfaces. These behaviors carry the risk of severe
physical harm, and they interfere with all educational and socializing activities (5-7). In addition,
SIB is extremely detrimental to families and care-givers of self-injurers (7-9), and the national
cost of specialized services is over $3 billion annually (10). Interestingly, autistic children exhibit
individual differences in vulnerability to develop SIB. Prevalence is generally estimated at about
18-20% (1), and the severity of SIB is highly variable (1, 11). Most research focuses on
assessment and intervention for factors that maintain SIB (i.e. applied behavior analysis (6, 12-
14). But the prevalence of SIB in autism (1) suggests that these children are particularly
vulnerable to develop the behavior disorder. Nevertheless, little attention has been paid to the
neurobiological basis of SIB, and little is known about biochemical factors that confer
vulnerability.

We are studying the neurobiological basis of vulnerability for SIB using a pharmacological
model in rodents (15-24). After repeated administration of the indirect monoamine agonist
pemoline (25, 26), about 50% of the rats self-injure (15, 21). This allows us to examine
behavioral and biochemical differences between self-injurious and non-injurious rats that are
given identical manipulations. The focus of our current research is dopamine- and cyclic AMP-
regulated phosphoprotein of 32kDa (DARPP-32). DARPP-32 is a postsynaptic integrator of
monoaminergic and glutamatergic actions, and it exerts bidirectional regulation of intracellular
mediators of plasticity. When phosphorylated at threonine-34 (i.e. pThr34DARPP-32) it is a
potent inhibitor of protein phosphatase-1 (PP-1), so it increases neuronal excitability.
Conversely, phosphorylation of DARPP-32 at Thr75 (i.e. pThr75DARPP-32) activates it to
become a potent inhibitor of protein kinase A (PKA), so it opposes neuronal sensitization (27).
It is highly expressed in at least 96% of striatal medium spiny neurons, including striatonigral
and striatopallidal projections (28). Thus, it is ideally situated to mediate the behavioral
consequences of repeated pemoline administration, and we believe that differences in its
activity may function as the linchpin of vulnerability for SIB in our model.

Body

For more than 20 years, the foremost (arguably the only) neurobiological explanation for SIB
was that it is driven by D1 receptor-mediated postsynaptic supersensitivity to dopaminergic
striatal inputs (29, 30). Although this is a widely accepted theory, the evidence is based
exclusively upon behavioral pharmacology studies (SCH-23390, LY-171555, etc.), using the
neonatal 6-hydroxydopamine (6-OHDA) lesion model of SIB in rats. Moreover, there are
actually no changes in D1 receptor gene expression or binding in the lesioned rats (31, 32), and
evidence from studies with MK-801 suggest the additional involvement of glutamatergic
neurotransmission in both the 6-OHDA and pemoline models (19, 33, 34). These data suggest
that the neurobiological mechanisms are more complex than originally suspected. In fact,
alterations in postsynaptic sensitivity are probably mediated by signaling mechanisms that are
downstream from the receptors (35), but these mechanisms have not been defined. Overall,
progress in our understanding of the neurobiology of SIB has lagged far behind progress in
other pathological behaviors (e.g. dyskinesia’s, stereotypy), largely because of a paucity of
research investment in this field.

In order to investigate the neurobiological basis of vulnerability for SIB, we have characterized
and refined the pemoline model of SIB in rats and mice. In our model, the animals receive daily
injections of a moderately high dose of pemoline for 5-6 consecutive days. A principal
advantage of this approach is that the induction of SIB is gradual, so we can identify subtle



changes in behavior during the etiology of SIB. In fact, we have now
reported evidence indicating that the model has of face, construct,
predictive, and etiological validity (15, 16, 18, 20, 21, 24).
Furthermore, the induction of self-injury is dose-orderly (Fig. 1) (15),
and we have now established a threshold dose (150 mg/kg/day), at
which some animals do not self-injure throughout the treatment
regimen, some exhibit only mild self-injury (denuding the fur and
causing slight erythema/edema), and others exhibit severe self-biting
that can occasionally even produce open lesions (an IACUC-
approved termination criterion is then applied). In our rats, we
assayed plasma and striatal pemoline concentrations at specific
times throughout the treatment regimen, and these concentrations
did not differ between non-injurious and severely self-injurious
animals (Fig. 2) (16). Thus, we found that individual animals differ in
vulnerability for pemoline-induced SIB, and this vulnerability is not
based upon innate differences in drug metabolism.

We also found that self-injurious pemoline-treated rats exhibit
approximately 30% depletion in striatal dopamine content, compared
with non-injurious controls (Fig. 4) (20, 21). This finding is redolent
of postmortem findings in ASD (36-39) and other disorders, and
raises the possibility that pemoline’s actions eventually produce
post-synaptic supersensitivity in our model.

Since some rats self-injure and some are resistant when we use a
moderately high dose of pemoline, we are investigating individual
differences in vulnerability for pemoline-induced SIB. In one study,
we adopted a well-established rodent model of individual differences
in stress responsiveness (40-43). In this model, outbred rats are
screened for responses to mild stress. Hyper-responsive (HR) rats
exhibit exaggerated locomotor activation and very large increases in
circulating corticosterone when compared with less-responsive (LR)
conspecifics (40, 41). We have now discovered that individual
differences in stress-responsiveness are highly correlated with
vulnerability for pemoline-induced SIB. The HR rats reliably self-
injure, and the LR rats are very resistant to the SIB-inducing actions
of pemoline (Fig 3) (44). These findings are redolent of findings from
clinical studies (45-47), and from studies with self-injurious non-
human primates (48-50), where heightened stress responsiveness is
associated with the etiology and expression of SIB.

Interestingly, HR rats exhibit greater elevations in extracellular
striatal dopamine concentrations than LR rats do after tail pinch
stress (51). One possibility is that exaggerated dopaminergic activity
accounts for greater striatal dopamine depletion during pemoline
administration in the HR rats. This will have to be investigated
further. However, the convergent evidence between our model, and
the studies with human and non-human primate self-injurers suggest
that stress-responsiveness is a critical feature in etiology and
expression of SIB, and we now include assays of stress
responsiveness in our ongoing studies.

In the current study, 36 male Long-Evans (LE) rats were screened
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for individual differences in innate stress responsiveness. Each
rat was placed under dim illumination into a novel environment
consisting of a circular corridor (7 cm wide, 44 cm outer diameter).
This constitutes a mild stressor for rats, and has been used to
screen individual differences in locomotor responsiveness to the
stress (i.e. crossings between equally-sized quadrants of the
circular corridor during 60 minutes) (40, 44). The rats were then
assigned to groups that were treated daily with pemoline (150
mg/kg/day) or peanut oil vehicle. The group assignments were
counterbalanced by rank order of the locomotor scores (range =
113 to 363 counts, median = 225). In this study, we then analyzed
the self-injury data using a median split of the pemoline-treated
rats (none of the vehicle-treated rats self-injured, as expected).
This analysis confirmed the previous finding. A greater
percentage of the HR rats exhibited tissue injury, the tissue injury
scores were greater (F=2.599, p<0.01), and the numbers of
injured sites were greater (F=2.523, p<0.01) than in the LR rats

(Fig. 5).

In our investigation of DARPP-32 gene expression, administration
of pemoline did not specifically alter striatal DARPP-32 mRNA
levels, despite the fact that it dramatically reduced concentrations
of dopamine in this structure. Overall, the values in the pemoline-
treated rats did not differ from those of the vehicle-treated controls.
However, the levels of DARPP-32 mRNA were moderately higher
in the stress hyper-responsive HR rats than they were in the less
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Fig. 5. A greater proportion of the
HR rats self-injured, and the tissue
injury scores and numbers of
injured sites were greater than they
were in the LR rats. Values are
novelty stress response (inset), and
daily percent of rats that had any
tissue injury, and mean daily injury
scores and numbers of injured sites

stress responsive LR rats (Fig. 6). These data concur with our finding that high levels of innate

stress responsiveness confer vulnerability to develop self-injury,

signaling in this pathological predisposition.

On the other hand, the overall expression of pThr**DARPP-32
and the overall expression of pThr’°DARPP-32 did not differ
between groups, regardless of innate stress responsiveness or
drug treatment (Fig. 7). This could be due to the fact that the
striatum contains a heterogeneous population of cells that
express D; and D, dopamine receptors. When stimulated by
dopamine, the D; receptors signal an increase in phosphorylation
at Thr** (i.e. pThr**DARPP-32). We had expected this effect to
predominate, signaling sensitization of striatal neurons. However,
during dopamine stimulation, the D, receptors signal a decrease

and implicate DARPP-32
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Fig. 6. DARPP-32 mRNA expression
was higher in the HR rats, regardless of
treatment condition.

in phosphorylation at Thr*, and an increase in phosphorylation at Thr’® (i.e. pThr’ DARPP-32).
Since the D; and D, receptors are localized on different cell populations, but those cell
populations are highly intermixed, the cellular impacts of D; and D, stimulation are distinct, but
the actions on Dj-expressing medium spiny neurons could obscure changes in the
phosphorylation status of DARPP-32 in the D;-expressing postsynaptic cells.

Key Research Accomplishments

»  We identified that individual differences in innate characteristics of rats confer individual
differences in vulnerability for pemoline-induced SIB, and we confirmed this finding by
replicating it throughout the cohorts in the current studies. When we pre-screened outbred
rats for responsiveness to the mild stress of a novel environment, individual rats that were



highly stress-responsive (HR) were also highly vulnerable for
pemoline-induced self-injury. Less stress-responsive (LR)
rats were less prone to self-injure when treated with
pemoline.

Our analyses of DARPP-32 gene expression revealed that
the stress hyper-responsive HR rats had higher innate
expression of DARPP-32 than did the less stress-responsive
LR rats. This finding supports our hypothesis that pre-
existing neurochemical characteristics of the HR rats render
them particularly vulnerable to develop self-injurious behavior.
The stress hyper-responsive HR rats appear to be
predisposed to exhibit a higher level of postsynaptic signaling
through this mechanism.

Our analyses of DARPP-32 phosphorylation did not confirm
our hypothesis that the self-injurious HR rats would have
higher overall expression of pThr**DARPP-32 and lower
overall expression of pThr’°DARPP-32 during pemoline
treatment. In fact, the overall phosphorylation status of
DARPP-32 did not differentiate the HR from the LR rats in
either control or pemoline-treated conditions. It remains
possible that the outcome derives from the fact that there are
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Fig. 7. DARPP-32 phosphorylation
status did not differ between groups,
regardless of stress responsiveness or
drug treatment condition.

two intermixed populations of medium spiny neurons in the striatum that could respond
differently to alterations in dopaminergic signaling. One population expresses D; dopamine
receptors that enhance pThr**DARPP-32. The other population expresses D, dopamine
receptors that oppose Thr**DARPP-32 phosphorylation, and favor pThr’’DARPP-32.
Potential treatment-induced increases in pThr**DARPP-32 in Ds-receptor expressing
medium spiny neurons could be masked by counterbalancing decreases in pThr**DARPP-
32 in D,-expressing cells. Likewise, treatment-induced decreases in pThr’ DARPP-32 in D;-
expressing cells could be masked by counterbalancing increases in pThr75DARPP-32 in D,-

expressing cells

Potential methods to address this unresolved question could include:
1) use of flow cytometry to separate the striatal cells, but this approach could be

compromised by difficulties in cell separation

2) use of transgenic mice to alter the balance of D; and D signaling
3) use of transgenic mice or viral vectors to evaluate vulnerability in animals that express
constitutively active or dominant negative isoforms of DARPP-32



Reportable Outcomes

manuscripts

1. Muehlimann, A.M., Kies, S.D., Turner, C.A., Wolfman, S., Lewis, M.H., and Devine, D.P. (in
press). Self-injurious behavior: Limbic disregulation and stress effects in an animal model,
Journal of Intellectual Disabilities Research. (Special issue on self-injurious behavior)

2. Reynolds, S., Millette, A., and Devine, D.P. (in press). Sensory and motor characterization in
the post-natal valproate rat model of autism, Developmental Neuroscience

3. Muehlmann, A.M., Wilkinson, J.A., and Devine, D.P. (2010). Individual differences in
vulnerability for self-injurious behavior: Studies using an animal model, Behavioural Brain
Research, 217: 148-154.

abstracts
1. Weinstock, N.J. and Devine, D.P. (2011) A mouse model of pemoline-induced self-injurious
behavior. Society for Neuroscience Abstracts, 37: 776.11

2. Van Matre, A.M., Wolfman, S., and Devine, D.P. (2010). Neurotensin plays a modulatory role
in self-injurious behavior: biochemical analyses using an animal model, Gatlinburg Conference
on Research & Theory in Intellectual & Developmental Disabilities, 43: 29.

invited presentations
1. Devine, D.P. (2011). Disregulation of dopamine and glutamate neurotransmission in animal
models of self-injurious behavior, Experimental Biology 2011, S369.

2. Devine, D.P. (2010). The role of stress-responsiveness in self-injurious behaviors:
Biochemical studies in an animal model, First International Congress on Borderline Personality
Disorder, 1: S-031.

3. Devine, D.P. (2010). Biochemical factors that confer individual differences in vulnerability for
self-injurious behaviour, in symposium on “Behavioral and biological frontiers in the analyses of
self-injurious behavior”, Gatlinburg Conference on Research & Theory in Intellectual &
Developmental Disabilities, 43: Symposium 13.

funding

Recent attempts to extend funding for this project include an R03 application for a study using
mice with mutant forms of Pplrlb gene, and a related project submitted to the Autism Speaks
Foundation. Neither has been successful to date.

| have obtained a small grant from the Woodruff Foundation (September 2011-Sept 2012) to
investigate the potential contribution of glucocorticoid receptors in conferring vulnerability for
self-injury in the HR rats. The title of that grant is Self-injurious behavior: a biomarker at the
interface of stress and dopamine function.

Conclusions

The findings from the current studies reveal a clear association between innate stress
responsiveness and vulnerability for self-injurious behavior. (44). This adds to our previous
characterizations of the animal model, and further supports its validation, since elevated
emotionality (particularly anxiety is strongly implicated in expression of SIB among autistic
children (52-54). However, specific associations between stress responsiveness and
vulnerability for self-injury have not been investigated adequately in autistic populations. If at-
risk children could be identified early, interventions may be possible to prevent, rather than
simply respond to established patterns of self-injurious behaviors.



Innate differences in DARPP-32 expression may contribute to the heightened vulnerability of
stress hyper-responsive animals, but the current data do not indicate a clear role for DARPP-32
phosphorylation in sensitized behavioral responses of the animals during pemoline treatment.
Additional targets should be investigated. One clear priority is expression of glucocorticoid
receptors on the dopaminergic neurons. Dopaminergic neurons are regulated by glucocorticoid
inputs (for review see 55), so it will be interesting to see if individual differences in expression of
these receptors contribute to the differences in vulnerability between HR and LR rats. One
possibility is that greater expression of GR on dopaminergic neurons mediate an interaction with
the corticosteroids to enhance pemoline-induced depletion of dopamine stores. This and other
possibilities will need to be investigated further.
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Abstract

Background Self-injurious behaviour (SIB) is
prevalent in neurodevelopmental disorders, but its
expression is highly variable within, and between
diagnostic categories. This raises questions about
the factors that contribute to aetiology and expres-
sion of SIB. Expression of SIB is generally
described in relation to social reinforcement.
However, variables that predispose vulnerability
have not been as clearly characterised. This study
reports the aetiology and expression of self-injury
in an animal model of pemoline-induced SIB. It
describes changes in gross neuronal activity in
selected brain regions after chronic treatment with
pemoline, and it describes the impact that a history
of social defeat stress has on the subsequent expres-
sion of SIB during pemoline treatment.

Methods
were injected on each of five consecutive days with

Experiment 1 — Male Long-Evans rats

pemoline or vehicle, and the expression of SIB was
evaluated using a rating scale. The brains were har-
vested on the morning of the sixth day, and were
assayed for expression of cytochrome oxidase, an
index of sustained neuronal metabolic activity.
Experiment 2 — Male Long-Evans rats were exposed
to a regimen of 12 daily sessions of social defeat
stress or 12 daily sessions of handling (i.e. controls).
Starting on the day after completion of the social
defeat or handling regimen, each rat was given five

Correspondence: Dr Darragh P. Devine, Behavioral and Cognitive
Neuroscience Program, Department of Psychology, University of
Florida, PO Box 112250, Center Drive, Gainesville, FL. 32611-
2250, USA (e-mail: dpdevine@ufl.edu).

daily injections of pemoline. The durations of self-
injurious oral contact and other stereotyped behav-
iours were monitored, and the areas of tissue injury
were quantified.

Results  Experiment 1 — Neuronal metabolic activity
was significantly lower in a variety of limbic and
limbic-associated brain structures in the pemoline-
treated rats, when compared with activity in the
same regions of vehicle-treated controls. In addi-
tion, neuronal activity was low in the caudate—
putamen, and in subfields of the hypothalamus,
but did not differ between groups for a variety of
other brain regions, including nucleus accumbens,
substantia nigra, ventral tegmentum, thalamus,
amygdala, and cortical regions. Experiment 2 — All
the pemoline-treated rats exhibited SIB, and
whereas the social defeat regimen did not alter the
total amount of self-injurious oral contact or other
stereotyped behaviours, it significantly increased the
severity of tissue injury.

A broad sampling of regional metabolic
activity indicates that the pemoline regimen pro-

Conclusions

duces enduring changes that are localised to specific
limbic, hypothalamic and striatal structures. The
potential role of limbic function in aetiology of SIB
is further supported by the finding that pemoline-
induced self-injury is exacerbated by prior exposure
to social defeat stress. Overall, the results suggest
brain targets that should be investigated further, and
increase our understanding of the putative role that
stress plays in the pathophysiology of SIB.

Keywords animal model, Lesch-Nyhan syndrome,
pemoline, self-injury, social defeat, stress
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Introduction

Self-injurious behaviour (SIB) is a debilitating char-
acteristic that is exhibited by individuals with a
broad variety of neurodevelopmental disorders
(Rojahn & Esbensen 2002). It is seen in virtually
all people with Lesch-Nyhan syndrome (Lesch &
Nyhan 1964; Schretlen er al. 2005), most people
with Prader—Willi syndrome (Symons ez al. 1999)
and approximately one-third of children with
autism (Matson et al. 1996). Interestingly, it is not a
definitive trait of most diagnostic categories. Rather,
expression is heterogeneous within most of these
groups, but shared across diagnoses. This suggests
that characteristics that are symptomatic of multiple
forms of intellectual disabilities may tend to be
co-morbid with self-injury, or may even predispose
vulnerability for the behavioural pathology.

Clinical studies reveal that SIB is particularly
prevalent in disorders where ongoing distress and
pathological irritability are prominent features
(Anderson & Ernst 1994; Sovner & Fogelman
1996), and emotional stress may be a key trigger for
SIB (Anderson & Ernst 1994; Lindauer ez al. 1999).
Furthermore, abnormal activity of the limbic—
hypothalamic—pituitary—adrenal (LHPA) axis is a
common characteristic of intellectually disabled
self-injurers (Verhoeven et al. 1999; Sandman et al.
2003, 2008; Symons ez al. 2003; Kemp et al. 2008).
However, it is not clear if LHPA axis dysregulation
is a predisposing factor, or a consequence of SIB
in these studies.

The relationship between emotional stress and
self-injury is also seen in captive non-human pri-
mates. Self-injurious rhesus macaques display
greater emotional responsiveness than their non-
injurious counterparts do (Novak 2003), and the
stress of relocation to novel housing produced long-
lasting increases in self-biting behaviour in these
animals (Davenport et al. 2008). In addition, we
recently reported that individual differences in
innate stress responsiveness predict vulnerability for
induction of self-injury in the pemoline model of
SIB (Muehlmann ez al. 2011). Despite these intrigu-
ing implications for the role of stress in aetiology
and expression of SIB, remarkably little study has
been conducted on the manner in which stress
and self-injury interact in intellectually disabled
populations.

We have conducted an extensive characterisation
of the pemoline model in rats, and our studies
reveal several features that converge with observa-
tions from intellectually disabled self-injurers. For
example, each pemoline-treated rat targets a spe-
cific tissue site (e.g. one forepaw, but not the
other), and repeatedly injures that site (Kies &
Devine 2004), in a manner that resembles the ste-
reotypic body site preferences that are seen in
human self-injurers (Symons & Thompson 1997).
In addition, we found that pemoline-induced SIB
is diminished by risperidone, valproate and topira-
mate (Muehlmann ez al. 2008), drugs that are par-
tially effective in human self-injurers (Ruedrich
et al. 1999; McCracken ez al. 2002; Shapira er al.
2002; Accardo 2003).

We now report two studies using the pemoline
model of SIB in rats. In the first study, we used
cytochrome oxidase (CO) histochemistry to identify
brain regions that are impacted by chronic pemo-
line treatment in our model of SIB. The mitochon-
drial CO holoenzyme catalyses the final step in a
process of electron transport that is tightly coupled
to oxidative phosphorylation of adenosine diphos-
phate (yielding the highly energetic adenosine triph-
osphate) (Hatefi 1985). In brain tissue, this activity
is required mostly for neuronal (as opposed to glial)
activity, especially membrane repolarisation (Wong-
Riley 1989). In contrast to more transient markers
of neuronal activity (e.g. ¢-fos), the overall level of
CO provides a reliable index of sustained neuronal
function. Therefore, it has been described as a
useful marker of neuroplasticity (Konkle & Bielajew
2004).

In the second study, we explored the impact of a
prior history of stress exposure on the aetiology and
expression of SIB, using the social defear model. In
this model, an experimentally naive male rat (the
intruder) is placed into the home cage of a larger
male conspecific (the resident). The territorially
dominant resident characteristically pins the
intruder in a supine position (Miczek ez al. 2004;
Green & Devine 2009; Marcinkiewcz et al. 2009).
This social defeat procedure activates limbic, hypo-
thalamic and brainstem structures that are impli-
cated in processing of stressful stimuli in the
intruder rat (Martinez et al. 2002), and it is thought
to emulate social stressors that rats may be exposed
to in their natural habitats (Huhman 2006).
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Methods
Experiment | — cytochrome oxidase
Animals

Sixteen male Long-Evans (LE) rats weighing 150—
175 g (Charles River Laboratories, Raleigh, NC,
USA) were housed in a climate-controlled vivarium
with a 12 h/12 h light/dark schedule (lights on at
6:00 h). Standard laboratory rat chow (LLab Diet
5001) and tap water were available ad libitum. The
rats were pair-housed in standard polycarbonate
cages (43 cm X 21.5 cm X 25.5 cm) during 6 days of
acclimation to the housing facility. Starting on the
first day of pemoline treatment, each rat was indi-
vidually housed, in order to ascertain that any
injuries were self-inflicted. All the experimental pro-
cedures were pre-approved by the Institutional
Animal Care and Use Committee at the University
of Florida, and all the procedures were conducted
in accordance with the Guide for the Care and Use
of Laboratory Animals (National Research Council
2011).

Drugs

The indirect monoamine agonist pemoline (Fuller
et al. 1978; Gilbert ez al. 1978) (2-amino-5-phenyl-
1,3-oxazol-4-one; Spectrum Chemicals, New Brun-
swick, NJ, USA) was suspended at a concentration
of 50 mg/ml in warm peanut oil (held at approxi-
mately 36°C), with constant stirring.

Pemoline treatment and assays of self-injury

On each of five consecutive mornings, approxi-
mately 2 h after the lights were turned on, each rat
was examined for injuries, weighed and injected.
Independent groups were treated with pemoline
(200 mg/kg/day, s.c.; n = 10) or vehicle (4 ml/kg/day,
s.c.; n=6). The dose of pemoline was selected on
the basis of our previous studies (Kies & Devine
2004), in which we found that reliable self-injury
is produced by administration of 200 mg/kg/day,
whereas a higher dose (300 mg/kg/day) produced
very rapid onset of more severe self-injury, and a
lower dose (100 mg/kg/day) did not produce reliable
SIB.

The injections were delivered to the nape of the
neck or either flank on a rotating basis. The exami-

Table | Tissue injury rating scale (adapted from Kies & Devine
2004)

Score  Severity Description

0 No injury No tissue damage

| Very mild injury  Slight oedema, pink moist skin,
involves small area

2 Mild injury Moderate oedema, slight
erythema, slightly denuded
skin, involves medium area
and/or involves multiple sites

3 Moderate injury  Substantially denuded skin,
substantial oedema and
erythema, large area and/or
involves multiple sites

4 Severe injury Open lesion, requires immediate

euthanasia

nations consisted of visual inspection of each rat’s
head, forepaws, ventrum, hindpaws and tail. Each
rat was assigned a tissue damage score according to
the presence and extent of injuries (see the rating
scale in Table 1). The placement of each self-
inflicted injury and the number of sites of tissue
damage were also recorded. In addition, the length
of each injury was measured. Injuries on the
ventrum were consistently oval, and injury on the
tail (only one rat) encompassed the circumference
of the tail along a portion of its length. Accordingly,
the length of each injury at these sites provided an
approximation of the relative sizes of injuries. Inju-
ries on the paws were less regular in shape, so the
length of the injury along the paw and up the limb
was taken as an overall approximation of the extent
of the injury.

The rats were checked again for injuries every
evening, but these scores were not included in
the data analysis (i.e. one score was counted per
day from each rat). The evening scores (which
resembled the morning scores quite closely) were
used to make certain that no animal was allowed to
severely injure itself overnight without intervention.
In any case where an open lesion was identified
(score = 4 on the rating scale), the rat expressing
the open lesion was immediately euthanised.

On the final morning of the experiment (day 6,
8:00 h—-10:00 h), each rat was checked again for
injuries, and then rapidly decapitated. Each brain
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was rapidly removed, frozen in 2-methylbutane at
—40°C, and stored at —80°C.

Cytochrome oxidase histochemistry

Each brain was cryosectioned at 20 um in the
coronal plane. Sections were mounted onto micro-
scope slides on ice, and frozen at —20°C overnight.
The slides were then stained for CO histochemistry
according to methods that were modified slightly
from those of Gonzalez-Lima & Jones (1994).
Briefly, the frozen slides were fixed with 0.5% glut-
araldehyde and 10% sucrose in 0.1 M PO, buffer

(5 min), rinsed with 10% sucrose: 0.1 M PO, buffer
(15 min), and incubated with stirring for 60 min in
the dark in pre-oxygenated 0.1 M PO, buffer con-
taining 5% sucrose, 0.05% diaminobenzidine,
0.0075% cytochrome c, 0.002% catalase and 0.25%
dimethyl sulfoxide. The slides were then fixed in
10% buffered formalin with 10% sucrose for

30 min, dehydrated in graded EtOH (30, 50, 70, 90,
95, 100%) and immersed in xylene (20 min). The
slides were coverslipped, and optical density (OD)
was quantified for all regions of interest.

Quantification of cytochrome oxidase

Digital images of the sections were captured using a
Northern Light Ro§ white trans-illuminator (Imaging
Research Inc.) and a Photometrics CoolSnap CCD
camera (Roper Scientific) connected to a personal
computer. Semi-quantitative densitometry was
performed using McID Basic software (Imaging
Research Inc.). Regions of interest were identified
with reference to a standard rat brain atlas (Paxinos
& Watson 1998), and a standard sampling box was
used in the data collection window for each of these
regions. Bilateral OD measures were sampled from
three sections per region. External background
measures were taken from outside each section,
used to correct each sample OD, and the measures
from the six samples per region were averaged.
During this procedure, the experimenter was
unaware of the experimental conditions associated
with any section.

Data analyses

Two of the pemoline-treated rats were euthanised
on day 4, because of injury. In these cases, the

missing self-injury data were replaced by repeating
the final score that was attained for each dependent
measure through the end of the experiment. The
brains were harvested and used for the CO assays,
in the same manner as the brains of the rats that
completed the experiment. This strategy was used
to avoid the potential that the data would over- or
underestimate the outcomes if the most severe
self-injurers were eliminated. One additional rat
was found dead on day 4. The cause was unknown,
and it was removed from the experiment.

The percentage of rats that self-injured, mean
tissue injury scores, numbers of injured sites and
total length of injuries were plotted across days.
Between-groups differences in tissue injury scores,
number of injured sites and size of injuries were
each evaluated using repeated-measures analyses of
variance (RM-aNovaA). Effects were treated as statis-
tically reliable when the P-values were less than
0.05. All significant effects were further analysed
with Bonferroni post-tests.

The corrected OD measures were compared
between groups using unpaired z-tests for each
selected brain region. Between-groups differences
were treated as statistically reliable when the
P-values were less than 0.05. In order to present the
outcomes of all the 38 anatomical regions that were
assayed, the averaged OD scores for the pemoline-
treated rats were subtracted from the scores for the
vehicle-treated rats, and the data were then graphed
as difference scores.

Experiment 2 — social defeat stress
Animals

Twenty-three male LE rats weighing 150-175 g
(Charles River Laboratories) were pair-housed in
the same manner as the rats in Experiment 1, with
a 12 h/12 h light/dark schedule (lights on at 6:00 h)
and ad libitum food and water. These were the
experimental rats and were used as the ‘intruders’.
An additional six vasectomised male LE rats weigh-
ing 400—450 g were pair-housed with six female LE
rats weighing 200-225 g in a separate housing room
with an opposite 12 h/12 h light/dark schedule
(lights off at 6:00 h). These rats were used as the
‘residents’.

© 2011 The Authors. Journal of Intellectual Disability Research © 2011 Blackwell Publishing Ltd
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Social defeat

Each male resident was trained to exhibit domi-
nance behaviour by repeatedly removing the female
and introducing a smaller male rat into the cage. All
the residents used in this study consistently demon-
strated dominance behaviour in pre tests of social
dominance. Social defeat sessions with the experi-
mental intruders were then run during the dark
phase of the resident rats’ light cycle, starting at
approximately 7:00 h. At the beginning of each
social defeat session, the female resident was
removed from the home cage. Ten minutes later, an
intruder rat was placed into the home cage with the
resident rat. The rats were then allowed to interact
for § min or until the intruder displayed a submis-
sive behaviour three times. Submissive behaviour
was defined as supine posture, with the resident
male rat on top, for at least 2 s. After this direct
interaction phase, each intruder was removed,
placed into a 10 cm X 10 cm X 15 cm double-layered
wire mesh cage, and returned to the home cage of
the resident male. This indirect interaction phase
allowed the intruder rat to be out of physical
contact but still experience stressful sensory stimuli.
The intruder was maintained in the wire mesh cage
until 10 min had elapsed from the start of the direct
interaction phase, equalising the total duration of
the stress session across rats. After the 10-min social
defeat session concluded, both the female resident
and the intruder were returned to their respective
home cages. The intruder rats were subjected to
social defeat once daily for 12 consecutive days,
seeing each resident twice in that period, 6 days
apart. Control rats were handled for 2 min each day
for 12 days to ascertain that group differences could
not be attributed to additional handling stress in
the defeated rats.

Drugs

Pemoline was suspended at a concentration of

50 mg/ml in peanut oil. In order to get the pemo-
line into suspension, the solution was stirred
overnight.

Pemoline treatment and assays of self-injury

Following the 12-day social defeat regimen, the rats
were inspected, weighed and injected with pemoline

at 150 mg/kg (s.c.) each morning for five consecu-
tive days. In this experiment, a slightly lower dose
was used than in the CO experiment, because the
dose in that experiment (200 mg/kg/day) produced
substantial SIB, and we anticipated that the stress
exposure would exacerbate the expression of
pemoline-induced SIB. These injections were
administered at the nape of the neck and either
flank on a rotating basis in the same manner as in
Experiment 1. The inspections were conducted
in the same manner as in Experiment 1, and like
in Experiment 1, they were repeated in the evening.
In this experiment, the inspections were video-
recorded, still images of the injured tissue were cap-
tured, and the McCID Basic software was used to
outline the injured tissue, and to calculate the area
of injury in mm?. In addition, night-vision cameras
were focused on the cages of the rats (one camera
per cage), and §-min time samples were recorded
once every 3 h over the entire day. The duration of
self-injurious oral contact and stereotypy were
quantified during each videotaped interval by a
trained observer. Self-injurious oral contact was
defined as oral contact that stayed fixed on any spe-
cific site (e.g. forepaw) for longer than 2 s. This was
differentiated from grooming, which is oral contact
that continues to move along a body part or from
one body part to another. The stereotypy measure
is a compilation of the duration of stereotyped
bobbing and licking, wherein the rat either bobbed
its head or licked the side or floor of the cage
repeatedly, and the duration of stereotyped digging,
sniffing, or burrowing through the bedding. The
duration (in seconds) of self-injurious oral contact
and stereotypy were each summed over the entire
day (i.e. from the eight video samples) and divided
by the total number of seconds recorded.

Data analyses

Six rats were euthanised before the end of the
experiment (four stressed rats and two control rats)
because of injury. In these cases, the missing data
were replaced in the same manner as in Experi-
ment I.

Between-groups differences in size of injuries,
duration of self-injurious oral contact and duration
of stereotypy were each evaluated using RM-
ANOVA. Effects were treated as statistically reliable
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when the P-values were less than 0.05. All significant
effects were further analysed with pre-planned Fish-
er’s least significant difference post-tests.

Results
Experiment | — cytochrome oxidase

Tissue injury was observed by day 4 in all the
pemoline-treated rats (Fig. 1A). In the latter half
of the experiment, the tissue injury scores
(Fs,65 = 22.48, P < 0.0001), number of injured
sites (Fs65 = 18.97, P < 0.0001) and total size of
injuries (Fs5 = 15.63, P < 0.0001) were greater than
the corresponding measures in the control group
(Fig. 1B-D).

Cytochrome oxidase expression was significantly
lower in the pemoline-treated rats in the caudate—
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putamen (CPu), ventral pallidum (Fig. 2A), subre-
gions of the septum and bed nucleus of stria
terminalis (BNST) (Fig. 2B), specific hippocampal
fields and hypothalamic nuclei (Fig. 2C), and the
periaqueductal grey (PAG) (Fig. 2D). CO expres-
sion did not differ between the pemoline- and
vehicle-treated groups in the substantia nigra,
ventral tegmentum, core or shell of the nucleus
accumbens septi (NAS), globus pallidus, limbic
cortex, amygdaloid nuclei, subiculum, motor cortex,
thalamic nuclei, or dorsal raphe (Fig. 2).

Experiment 2 — social defeat stress

All the pemoline-treated rats self-injured (Fig. 3A),
and so the history of social defeat stress did not
significantly affect the incidence of pemoline-
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Figure | Incidence of pemoline-induced self-injury, tissue injury scores, number of injured sites and total length of injuries. Each

measured increased across days. Self-injurious behaviour was observed in all the pemoline-treated rats, and in none of the vehicle-treated

rats (*P < 0.05, *P < 0.01, **P < 0.001).
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Figure 2 Cytochrome oxidase activity expressed as mean difference between the pemoline-treated and vehicle-treated rats. OD, optical
density; CPu, caudate—putamen; SNr, substantia nigra (pars reticulata); NASc, nucleus accumbens septi (core); NASs, nucleus accumbens
septi (shell); VTA, ventral tegmental area; CC, cingulate cortex; PLC, prelimbic cortex; GP, globus pallidus; VP, ventral pallidum; SEPTVvI,
ventral lateral septum; SEPTdI, dorsal lateral septum; SEPTIl, interior lateral septum; BNST, bed nucleus of stria terminalis; BNSTam,
anteromedial BNST; BNSTal, anterolateral BNST; BNSTav, anteroventral BNST; CeA, central amygdala; MeA, medial amygdala; BLA,
basolateral amygdala; pmCA, post-medial cortical amygdala; CA1—CA3, cornu ammonis 1-3; DG, dentate gyrus; sub, subiculum; SCN,
suprachiasmatic nucleus; SON, supraoptic nucleus; aH, anterior hypothalamus; aPVN, anterior paraventricular nucleus; pPVN, posterior
paraventricular nucleus; VMH, ventromedial hypothalamus; M1 and M2, M1 and M2 motor cortex; pvlT, posterior ventrolateral thalamus;
vIT, ventrolateral thalamus; PVT, paraventricular thalamus; pPVT, posterior paraventricular thalamus; PAG, periaqueductal grey; DR,

dorsal raphe. All values are expressed as group means = SEM (*P < 0.05, *P < 0.01, **P < 0.001).

induced SIB. However, the sizes of the injuries were  injurious oral contact between stressed and control

significantly greater in the rats that had a history rats (Fig. 3C). There was a significant main effect
of social defeat stress (Fig. 3B). The RM-ANOVA of time (Fygs = 46.47, P < 0.01) as all the rats began
revealed a significant main effect of time to show self-injurious oral contact on day 2, which
(Fro,210 = 39.91, P < 0.01) and a significant peaked on day 3, and continued throughout the
stress X time interaction (Fiop10 = 2.095, P < 0.05), experiment; however, there was no significant main
wherein rats first displayed injured tissue around effect of stress nor a stress X time interaction effect.
day 2 or 3, and the size of injured tissue reached There were also no differences in the duration of
asymptote on day 4 or 5. There were no significant other pemoline-induced stereotypies (Fig. 3D). The
differences in the amount of time spent in self- RM-ANOVA revealed a significant main effect of time
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Figure 3 Effects of repeated social defeat stress on pemoline-induced self-injury and stereotypy. All the rats exhibited pemoline-induced

self-injury (A); however, the rats with a history of repeated social defeat stress had larger areas of tissue damage (B). Repeated social
defeat stress did not have any significant effect on pemoline-induced self-injurious oral contact (C) or whole body stereotypies (D). All

values are expressed as group means = SEM (*P < 0.05).

(Faga =14.35, P < 0.01), as all the rats showed mod-
erate amounts of stereotypy on days 1 and 2, which
lessened on days 3—5 as self-injurious oral contact
duration increased. No significant main effect of

stress or a stress X time interaction effect was found.

Discussion

In the CO histochemistry study, all the pemoline-
treated rats exhibited self-injury, whereas none of
the vehicle-treated rats injured (as expected). The
anatomical assays revealed that sustained metabolic
activity was suppressed in many of the 38 structures
that were sampled from the self-injurious pemoline-
treated rats, when compared with measures from

the vehicle-treated rats. This suppression of neu-
ronal activity was significant in one structure of the
basal ganglia, and in a variety of limbic and limbic-
associated structures. Although CO histochemistry
provides only a gross characterisation of the
regional effects of pemoline, it raises the possibility
that direct or indirect impacts of the pemoline
regimen in these regions may be associated with the
induction of SIB.

Chronic pemoline treatment produced a statisti-
cally significant, but modest reduction in neuronal
activity in the CPu, and the effect was not signifi-
cant in the NAS or frontal cortex. The paucity of
effects in the striatum and frontal cortex may seem
surprising, as pemoline is an indirect monoamine
agonist (Fuller er al. 1978; Gilbert ez al. 1978), and
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these regions are targets of extensive dopaminergic
innervation (Graybiel & Ragsdale 1979). Moreover,
all measures of dopamine function were decreased in
samples of CPu and NAS taken from individuals
with Lesch—Nyhan syndrome (Lloyd ez al. 1981;
Ernst ez al. 1996), and these biomarkers are generally
ascribed a critical role in the aetiology of SIB in both
Lesch—-Nyhan syndrome (Schretlen ez al. 2005) and
animal models of the disorder (Breese ez al. 1984).
However, postsynaptic neurons expressing excitatory
D, and inhibitory D, dopamine receptors are inter-
mingled in the striatum and frontal cortex (Gaspar
et al. 1995; Le Moine & Bloch 1995), so pemoline-
stimulated dopamine efflux would have opposing
actions on these cells. As CO is most responsive to
increases in membrane repolarisation (Wong-Riley
1989), the opposing actions of dopamine on D;- and
D,-expressing cells could obscure the physiological
effects of pemoline in these parts of the rat brain.
CO histochemistry may be better suited to examine
indirect impacts of pemoline on neurons that are
downstream from these initial effects.

The other sites that exhibited significant suppres-
sion of neuronal metabolic activity were the ventral
pallidum, interior lateral septum, BNST, subfields
of the hippocampus, hypothalamic nuclei, and the
PAG. On the other hand, other septal nuclei,
dentate gyrus and subiculum, and the amygdala
were not significantly impacted by chronic pemoline
treatment. Thus, it seems that neuronal activity
was suppressed only in a select subset of limbic-
associated structures. Neuronal activity was not sys-
tematically altered in motor cortex or thalamus,
suggesting a lack of involvement of these structures.
Opverall, the limbic/hypothalamic structures that
exhibited significant pemoline-induced changes in
neuronal metabolic activity, and the nigrostriatal
and mesocorticolimbic systems, should each be
examined more closely. The potential that these
structures participate in the induction of SIB, and
the specific biochemical alterations that occur in
these structures require further analysis.

The suggestion that limbic structures may partici-
pate in pemoline-induced SIB is supported by evi-
dence that emotional stress contributes to the
expression of SIB in clinical populations (Favell ez al.
1982; Anderson & Ernst 1994; Lindauer ez al. 1999)
and animal models (Stodgell er al. 1998; Davenport
et al. 2008). For example, escape from or avoidance

of aversive situations (i.e. stressors) is recognised

as a basic communicative function that drives SIB
in intellectually disabled self-injurers (Favell ez al.
1982), and footshock stress increases the expression
of SIB in the neonatal 6-hydroxydopamine
(6-OHDA) lesion model in rats (Stodgell ez al.
1998). These observations led us to examine
whether a background of emotional distress might
influence the aetiology of SIB in the pemoline
model. We selected the social defeat model of emo-
tional stress because it activates the aforementioned
limbic, hypothalamic and brainstem mechanisms
(Martinez et al. 2002). Additionally, repeated social
defeat increases basal plasma corticosterone con-
centrations (Covington & Miczek 2001), and this is
consistent with reports that LHPA axis function is
dysregulated in intellectually disabled self-injurers
(Verhoeven ez al. 1999; Sandman et al. 2003, 2008;
Symons ez al. 2003; Kemp ez al. 2008) [although it
should be noted that both elevated and suppressed
basal corticosterone concentrations have been found
(Verhoeven er al. 1999; Symons ez al. 2003)].

In our study of the impact of social defeat on
subsequent acquisition of pemoline-induced SIB, all
the pemoline-treated rats self-injured, regardless of
whether they were pre-exposed to social defeat
stress or not. Therefore, it was not possible to see
any stress-induced increase in the incidence of self-
injury. Likewise, there were no significant differ-
ences in the daily durations of self-injurious oral
contact — perhaps also owing to a ceiling effect.
However, the severity of tissue injury was signifi-
cantly greater in the previously stressed rats, as
indicated by the overall sizes of injured tissue in
these rats. Thus, a history of psychosocial stress
appears to contribute to the aetiology of SIB. When
considered along with our recent finding that stress-
hyper-responsive rats are particularly vulnerable for
pemoline-induced SIB, the results indicate that
stress reduction may be an important intervention
in populations that are at risk for development of
SIB. These findings may also have implications for
the role that impoverished institutional environ-
ments have played in the aetiology of SIB among
the intellectually disabled.

Studies of the brain structures that are impacted
by social defeat may also help to focus the search
for neuroanatomical substrates that contribute to
the aetiology of SIB. Interestingly, c-fos expression is
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activated in many limbic, hypothalamic and brain-
stem structures after acute defeat. The response
habituates in some of these structures (e.g. septum,
lateral hypothalamus, central amygdala), but endur-
ing effects are found in others (BNST, paraven-
tricular nucleus, medial amygdala, PAG, raphe)
(Martinez et al. 1998). As social defeat stress
enhanced the severity of self-injury in rats that were
subsequently treated with pemoline, the brain
regions in which there is overlap between the per-
sistent actions of social defeat, and the brain
regions where pemoline produces reductions in sus-
tained neuronal activity may be particularly impor-
tant in mediating the contribution of stress to the
aetiology of pemoline-induced SIB. These areas
(BNST, paraventricular nucleus and PAG) may

be particularly interesting targets for additional
investigation.
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Abstract

Although autism is diagnosed according to three core features of social deficits, communication
impairments, and repetitive or stereotyped behaviors, other behavioral features such as sensory
and motor impairments are present in more than 70% of individuals with autism spectrum
disorders. Exposure of rat pups to the teratogen valproate during sensitive periods of brain
development has been shown to elicit behavioral features associated with autism diagnosis and
has been proposed as a valid animal model of the disorder. The purpose of this study was to
characterize sensory and motor performance in rats post-natally treated with valproate. Thirty
four rat pups were injected with either valproate (150 mg/kg) or saline on post-natal days 6-12.
Auditory and tactile startle as well as auditory sensory gating was assessed during both the
juvenile and adolescent stages of development; motor testing was conducted during late
adolescence and included a sunflower seed eating task and a vermicelli-handling task.
Valproate-treated rats were under-responsive to auditory stimuli, showed deficits in auditory
sensory gating, and demonstrated impairments in motor speed and performance. These
findings suggest that post-natal valproate treatment elicits sensory and motor features often
seen in individuals with ASD. Further, the hypo-sensitivity seen in post-natally valproate-treated
rats contrasted with hyper-sensitivity previously reported in pre-natally valproate-exposed rats.
This suggests that timing of teratogenic exposure during early brain development may be
important to consider when investigating the neurobiological basis of sensory-motor
impairments in ASD.



Sensory and Motor Characterization in the Post-natal Valproate Rat Model of Autism
1. Introduction

Autism is a neurodevelopmental disorder characterized by three core diagnostic features: social
deficits, communication impairments, and repetitive or stereotyped behaviors. Associated
autistic characteristics such as sensory processing impairments and deficits in motor
coordination are highly prevalent, yet have received less attention from the research community.
As scientists continue to study patterns of symptom manifestation and the developmental
course of the disorder, sensory and motor features may be particularly important to consider in
both human and animal paradigms.

1.1 Sensory and Motor features of Autism Spectrum Disorders

Atypical responses to sensory stimulation have been reported in approximately 70-90% of
individuals with autism spectrum disorders (ASD) [1, 2]. Behavioral manifestations of atypical
sensory processing have been most commonly classified as over-responding (hypersensitivity)
and under-responding (hyposensitivity) [3] with both patterns being identified in the ASD
population [1, 4]. Further, these patterns of over or under responding appear to be strongly
associated with other autism related behaviors and functional performance in this population.

Tactile over-responsivity in particular has been associated with rigid and inflexible behavior,
repetitive verbalizations, and visual stereotypies [5]. Over-responsivity in or across other
sensory systems (e.g. visual & auditory) have also been found to predict high levels of
stereotypies, compulsions, and rituals/sameness behaviors in children with autism; suggesting
that over-responsivity and repetitive behaviors may share a common underlying neurobiology
[6]. Similarly, Liss and colleagues [7] found that over-responsive children with ASD tended to
have high over-focusing scores and high rates of perseverative behavior. These authors
suggest that over-responsivity and repetitive behaviors may both be related to deficits in arousal
regulation (over-arousal) which may lead to over-selective attention to sensory stimuli,
perseverative preoccupations and repetitive movements. While the arousal theory has not been
fully explored, sensory over-responsivity has been strongly associated with anxiety in children
and adolescents with Asperger’s syndrome [8], adults with autism [9], and in children with other
neurodevelopmental disorders [10]. Elevated sympathetic arousal (electrodermal reactivity) in
response to normal levels of sensory stimulation has also been shown to predict sleep deficits in
children with autism, and behavioral patterns of over-responding have been strongly correlated
with sleep problems in this population [11].

Whereas sensory under-responsivity has been commonly reported in ASD [12], it has been less
well studied than over-responsivity. Under-responsive behaviors demonstrated by children with
autism include not responding to their name being called, lacking attention to novel objects,
ignoring loud sounds, and not responding to touch/pain stimuli [1]. Patterns of sensory under-
responsivity have been associated with impaired academic performance, poor attention to
cognitive tasks and social skill deficits in children with ASD [13, 8]. Liss and colleagues [7] found
under-responsivity clustered with low adaptive functioning in children with autism, and
suggested that under-responsivity may be related to low intellectual functioning in this



population. Interestingly, academic performance and social interactions are areas that can be
affected by depression [14]. In children and adolescents with ASD under-responsiveness has
been correlated with depressive symptoms, with the strength of the relationship between under-
responsivity and depression increasing with age [8].

Similar to sensory processing impairments, motor impairments are highly pronounced in
individuals with ASD, with multiple studies indicating that 100% of their sample population show
impairments in at least one area of motor development [15-17]. Gross motor clumsiness and
impairments in gait and balance have been commonly reported in both children and adults with
ASD [18]. In addition to a delayed onset of walking, toddlers with autism have also been shown
to lack a mature heel-toe pattern and have a more waddling gait compared to age-matched
controls [19]. These delays may be related to the high prevalence of hypotonia in ASD, which is
present in approximately 50% of children with the disorder [20]. Fine motor deficits and
impairments in upper limb coordination have also been commonly reported in the ASD
population. Gernsbacher and colleagues [21] showed that in the first two years of life, fine motor
skills such as pointing, clapping, reaching and constructional play were delayed in children later
diagnosed with ASD. Older children and adolescents with autism have been shown to have
difficulty with modulation of grip and force and with accuracy in reach-to-grasp movements that
are needed for tasks such as shoe tying and buttoning [22, 23]. Though a fair degree of
variability in performance has been reported, gross and fine motor coordination problems have
been associated with reduced performance in daily life skills, play (e.g. running, throwing,
jumping) and academic tasks such as handwriting in children with ASD, making these important
behaviors to consider for this population [24, 25].

Interestingly, atypical sensory and motor features have been found to be salient early markers
for ASD, identifiable as early as four months of age [26, 27]. While the cause of atypical
sensory and motor features in autism is not known, their manifestation early in life suggests that
exploration of factors inducing neurological changes during early brain development is
warranted.

1.2 Teratogenic Effects of Valproate

Exposure of the developing brain to teratogens is known to produce a myriad of symptoms and
disorders that influence sensory and motor function. Valproate use during pregnancy (used by
mothers as an anti-epileptic, mood-stabilizing drug or migraine medication) has been associated
with a higher prevalence of autism and autistic-linked behaviors in offspring [28, 29]. Whereas
autism prevalence in the typical population has been estimated around 1% [30], Rasalam and
colleagues [28] found that 8.9% of children exposed to valproate met the criteria for either
autistic disorder or Asperger syndrome; this suggests that exposure to valproate leads to
approximately a 10 fold increase in the risk for developing an autism spectrum disorder. While
sensory and motor behaviors in children exposed to valproate have not been fully characterized,
case study reports lend insight into features of that may be of particular relevance to this
population. Williams and Hersh [31] described a 5 ¥z year old boy exposed to valproate in utero
and later diagnosed with autism. In addition to meeting core diagnostic criteria for autism, the
child presented with muscular hypotonia, awkward gait, hyper-reflexia, and was reported to



cover his ears in response to hearing certain sounds. He also had insistence on routines
connected with bathing and eating; features common in children with sensory over-responsivity.
In a larger case report, Williams and colleagues [32] presented five children with both fetal
valproate exposure and autism. In each of these cases children presented with some form of
motor impairment including decreased muscle tone, gross and fine motor incoordination, and
atypical gait; sensory responsivity was not described in this group.

The strong association between valproate exposure in utero and the development of autism led
Rodier and colleagues [33] to explore the effects of prenatal valproate treatment in rats. Since
this publication, multiple studies have been published using pre- or post-natal valproate
treatment to elicit neurological and behavioral features of autism in rodent models. The use of
this valproate rodent model has potential utility for understanding the development and
neurobiological basis of sensory and motor features seen in ASD.

1.3 The Valproate Model of Teratogenicity in Rodents

A single pre-natal injection of valproate on embryonic day 12.5 (E12.5; corresponding to human
1% trimester following neural tube closure) has been shown most consistently to elicit autistic-
like features such as repetitive behaviors and decreased social interaction in rodents [34].
Neurological features observed in rats treated with valproate on E12.5 are similar to those seen
in post-mortem ASD human brains; these features include loss of cerebellar neurons [35] and
altered dendritic arborization in pyramidal cells suggestive of impaired pruning [36]. These
valproate-exposed rats also show signs of tactile hypersensitivity during pre-pubertal
adolescence on post-natal days (PND) 30-50, and impaired auditory sensory gating during
adolescence and adulthood (PND 90-120) [37, 38]. Impairments in sensory gating have been
proposed to lead to sensory overload and strong reactions to environmental stimuli [37].

Evaluation of motor skills in this model is limited. Schneider and Przewtocki [38] found impaired
swimming performance in pre-natally valproate-exposed rats on PND8 and PND12; however,
no delays were noted on PND10 or PND11. Wagner and colleagues [39] found that mice pre-
natally exposed to valproate had impaired righting reactions in the early juvenile stage but found
no differences in vestibular function (negative geotaxis test) or motor development. Tests of fine
motor function have not been assessed in this model.

Valproate has also been administered to rodents during the early post-natal period (PND 0-14).
Since rodents are born in an altricial state, the status of their developing neurological sensory
systems roughly correspond with features associated with human brain development in the third
trimester. For example, in the rodent auditory system, it has been shown that the cochlea
matures and hearing onset occurs around PND11, and that bone conduction-related events can
be measured as early as PND7 [40]. In humans, auditory responses can be evoked in utero as
early as the 27" prenatal week, around the beginning of the third trimester [41, 42]. Further,
general patterns of brain development, such as the brain growth spurt that occurs near the end
of the third trimester in humans, occurs between PND1-10 in rats [43, 44] supporting the notion
that brain development in the final human trimester corresponds roughly to the first 1-2 weeks of
rodent post-natal development [45, 46].



During this early rodent post-natal period there is also a high degree of synaptogenesis and
refinement of neurological connections, which is dependent on a balance between cellular
excitation and inhibition [47]. Since valproate enhances inhibitory GABAergic activity [48, 49], it
has the potential to disrupt brain development during this period. Similar to pre-natal injections,
post-natal valproate injections in rats have been shown to elicit autistic-like behaviors. Chomiak
and colleagues [50] administered single doses of valproate (150 mg/kg) to rat pups for a
maximum of two weeks starting at PND 6; these rats showed a significant reduction in social
play compared to litter-matched controls. Further, the post-natally valproate-treated rats showed
an enlarged temporal association cortex and a temporarily accelerated pattern of neuronal
development in the temporal lobe; these findings correspond to research indicating enlargement
of temporal lobe regions in individuals with autism [51, 52]. In mice, post-natal injection of
valproate has been shown to impair vestibular function and mid-air righting reactions [39]. To
our knowledge, no tests of sensory responsivity or skilled motor coordination have been
conducted in the rodent post-natal valproate model. The purpose of this study, therefore, was to
characterize sensory responsivity, sensory gating, and skilled motor performance in rats post-
natally treated with valproate.

2. Methods
2.1 Animals

Thirty-four Long-Evans rats (24 male, 10 female) were bred in our lab using four experimentally-
naive females. On PND3, four litters were cross fostered so there were 8-9 pups per litter. The
same day, the gender of each animal was established and each pup was randomly assigned to
either the valproate or control group. To the best of our ability, each group had the same
number of males (11 control, 13 valproate-treated) and females (5 control, 5 valproate-treated),
and the same number of pups from each litter. Every day from PND6 - PND12 the offspring
received an i.p. injection of saline (control) or sodium valproate dissolved in 0.9% saline at 150
mg/kg/day [50]. The weight of the pups was monitored daily. Eye opening was recorded on
PND13-PND16 and scored as either 0=Both Eyes Closed, 1=One Eye Open, or 2=Both Eyes
Open. Pups were weaned on PND23 and pair-housed with animals matched by group and
gender.

2.2 Measures
2.2.1 Sensory Responsivity and Gating

Sensory testing was conducted for each rat (n=34) on PND23 (juvenile stage, prior to weaning)
and PND45 (adolescence) during the first five hours of the light part of the daily light cycle.
Auditory startle responses, tactile startle responses, and auditory sensory gating were
measured using SR-LAB equipment (San Diego Instruments, San Diego, CA). The background
sound level in the chamber was 70dB. Prior to the testing, each rat was acclimated to the test
chamber for five minutes. Each rat was then exposed to 20 consecutive trials of the auditory
startle stimuli which were bursts of white noise (10 KHz, 120 dB/40 milliseconds) presented at
an average inter-trial interval of 10 seconds (variable 5-15 second range). At the end of the 20
trials a no-stimulus trial was presented. The auditory startle session was followed by a two



minute break with background level sound (70dB) only. Next, each rat was exposed to 20
consecutive trials of an auditory prepulse (80dB/20 milliseconds) paired with the startle stimulus
(120 dB/40 milliseconds). Frequency for the prepulse and stimulus was set at 10KHz and there
was a 100ms interval between the prepulse and the stimulus. Each rat was exposed to 20 trials
followed by a no-stimulus trial. The average inter-trial interval was 10 seconds. Following
another 2 minute break, each rat was exposed to 20 consecutive trials of the tactile startle
stimulus which was a gentle air puff (PSI1=20; lasting ~40 milliseconds) delivered to the mid-
dorsal surface. Again, the inter-trial interval was 10 seconds and the 20 trials were followed by a
single no-stimulus trial. The primary variable of interest for each session was the peak response
magnitude (V-Max) which was defined as the highest voltage during the response window.

2.2.3 Sunflower Seed Task

Grasp and bilateral manual coordination was assessed using a sunflower seed eating task [53]
on PNDA49. During the week prior to testing, all rats were exposed to sunflower seeds in their
home cages (5 days of exposure, 3 seeds each time) in order to overcome neophobic
responses and establish skill in handling [54]. Each rat was then acclimated to a clear plastic
arena (14" x 11" x 11”) for five minutes one day prior to testing. Each rat was partially food
restricted (8-10g/day/rat) for one night prior to testing to increase motivation for task
performance. On the morning of the test, three sunflower seeds were positioned in the front
right corner of the testing chamber. The time needed to open all three seeds, as well as the
number of pieces of shell produced, was measured. All testing was done within the first four
hours of the light part of the daily light cycle in a dimly illuminated room.

2.2.2 Vermicelli Handling Test

The vermicelli handling test has been used as a measure of forepaw dexterity in rodent models
of stroke and neurodegenerative disease [54, 55]. We chose this task to look at fine motor
dexterity, reaching accuracy, postural control, and motor planning in the valproate- and vehicle-
treated rats. During the week prior to testing, all rats were exposed to 3” strands of Mueller's
Brand vermicelli in their home cage (5 days of exposure, 3 strands each time) [54]. For two
nights prior to testing the rats were partially food restricted (8-10g/day/rat) to encourage task
performance. On PND50, each rat was placed individually into a clear observation cage (same
as above). Three vermicelli strands were placed one at a time in the observation cage and the
rats’ eating behavior was recorded. A digital video camera was mounted on a tripod, which was
repositioned during the test session so as to best record the rat's paw movements and posture
during eating. All testing occurred in a dimly lit room during the first five hours of the light part of
the daily light cycle. After all testing was completed the video recordings were reviewed for
quality. Trials were removed if less than 90% of the recorded eating session showed a clear
view of the paws/digits, head and body posture. Eight trials did not meet these criteria and
therefore a total of 94 trials were included for analysis.

Videos were scored by personnel blinded to the experimental conditions. Inter-observer
reliability for all coded behaviors was greater than 80% with an average agreement rate of
89.9% (x 6.4%). During coding the videos were played at 6% normal speed. The primary
variable of interest was the total number of paw adjustments per trial. As defined by other



groups, an adjustment was scored each time there was a visible release of the pasta (not a
drop) or a reformation of the digits holding the pasta via motor patterns of flexion/extension, or
abduction/adduction [55].

A code sheet was developed for specific and relevant atypical sensory motor behaviors based
on an initial blinded review of 18 pasta-trials, nine trials randomly selected from each
experimental group. Behaviors included on the code sheet were number of drops, failure to
contact reaches, angling with head tilt, abnormal posture, use of a unilateral paw technique, and
twirling of the pasta. Specific descriptions of the first four behaviors are defined elsewhere [54,
55]. Unilateral contact was defined as any time the rat held the pasta in one paw for five
seconds or more during eating without visible contact with the other paw. This was distinct from
a Failure to Contact code which was indicated each time the rat reached for the pasta but failed
to make contact with its target. Twirling was defined as any time the pasta was rotated 180
degrees during positioning of the pasta for eating. This was seen as a potential indicator of
impaired motor planning. The total time the rat spent actively eating (biting, chewing) the three
pasta strands was recorded. All rats completed the task by consuming all three pasta pieces.

2.3 Statistical Analysis

For all analyses an alpha < 0.05 significance level was considered to be significant. The
assumption of normality was assessed for all outcome variables and when the assumption was
rejected the appropriate non-parametric tests were utilized. Statistical analyses were conducted
using PSAW Statistical Package 18.0. When examining group differences for multiple
dependent variables, MANOVA models were used. A repeated measures ANOVA was used for
analysis of weight data which were taken over several days during early development. For
sensory and motor variables all the rats were initially analyzed in one model, followed by a
separate analysis for males and females.

3. Results
3.1 Health and Development

All rats gained weight from approximately 14g on PND 6 (14.4g £ 1.2g) up to approximately 60g
on PND 23 (60.4 £ 4.8). A two-factor repeated measures ANOVA was used to analyze body
weight between control and valproate-treated groups from PND6 (pre-treatment) to PND23
(weaning). The analysis revealed a significant increase in weight over time (F(17,
544)=2130.89; p<.0001). There was no significant time*group interaction (F(17, 544)=1.38;
p=.218).

There were also no significant differences found between groups for eye opening from PND13-
PND16. By PND15, 81% of the controls and 78% of the valproate-treated rats had their eyes
open. All pups had both eyes open by PND16.

3.2 Startle Responsivity



Valproate-treated rats exhibited significantly smaller auditory startle responses compared to
responses of control rats (F(1, 33)=4.72; p<.05). These differences were present in male rats on
PND23 (F(1, 23)=5.36; p<.05) and PND45 (F(1, 23)=11.65; p<.01). Female rats treated with
valproate showed significantly smaller responses on PND45 (F(1, 9)=8.03; p<.05) but not on
PND23 (F(1, 9)=1.62; p=.240). Tactile startle response magnitude did not differ significantly
between groups (F(1, 33)=.689; p=.509) (Figure 1).

3.3 Sensorimotor Gating

In the control group, the startle response after a prepulse was inhibited by 47% on PND23 and
by 57% on PNDA45. In the valproate-treated group the percent change was less apparent, with
only a 36% reduction on PND23 and a 30% change on PND45. Group differences in prepulse
inhibition were significant overall (F(1, 33)=8.68 ; p<.01) and when examined separately at
PND23 (F(1, 33)=4.31; p<.05) and PND45 (F(1, 33)=11.69; p=<.01). This trend remained when
males were examined separately on PND45 (F(1, 23)=5.76; p<.05) and approached
significance on PND23 (F(1, 23)=3.98; p=.059). In females, group differences in percent change
were not seen at PND23 (F(1, 9)=.360; p=.565) but were found to be significant on PND45 (F(1,
9)=8.84; p<.05) with valproate-treated females showing very little change in response
magnitude when presented with a pre-pulse stimulus (Figure 2).

3.4 Motor Performance

The Sunflower Seed Eating task was completed significantly faster by the control group
compared to the valproate-treated group (F(1,33)=4.19; p<.05) but no differences were found in
the number of shell pieces left after task completion, with the group means being nearly
identical (F(1, 33)=0;. p=1.00). When group differences between males and females were
examined separately, no significant differences emerged for time or number of shell pieces.

During the Vermicelli Handling Test, valproate-treated rats made significantly more paw
adjustments (F(1, 30)=11.85; p<.01) and dropped the pasta significantly more often (F(1,
30)=15.82, p<.001) than the control rats did. These findings remained significant when males
(F(1, 20)=5.01; p<.05) and females (F(1, 9)=7.00; p<.05) were examined separately. Valproate-
treated rats also engaged in more atypical sensory-motor behaviors. Due to the non-normal
distribution of the majority of the count variables, we used a Mann-Whitney U Test (1-tailed Sig.)
to examine group differences. Based on this analysis, valproate-treated rats were found to use a
unilateral technique significantly more often than control rats (p<.001) and had more observed
twirls (p<.05), failure to contact reaches (p<.05) and atypical postures (p<.05) than the control
group. When males were examined separately, use of the unilateral technique, twirls, and
failure to contact reaches continued to be significantly different between the control and
valproate-treated groups (p<.01- p<.05). For female rats, only use of a unilateral technique
significantly differed between the groups (p<.05) (Figure 3).

A time score was recorded for each vermicelli trial (3 trials per subject). When all three time
points were entered into a MANOVA model, the model was not found to be significant (F(1,
30)=1.78; p=.174). However, when the trials were examined separately, the third trial was found
to be significantly different between groups (F(1, 30)=5.38; p=<.05) with the valproate-treated



rats taking significantly longer to complete the final trial (Figure 5). No differences were found
between groups when males and females were examined separately.

Based upon visual examination of the vermicelli time trial data (Figure 4), there appeared to be
a learning effect, with control rats (and not valproate-treated rats) showing improved speed with
each trial. A repeated measures ANOVA was therefore used to examine the effects of time and
group*time interaction. While there was a significant effect of time (F(2, 58)=4.77; p<.05) no
time*group interaction was found (F(2, 58)=.803; p=.453).

4. Discussion

Here we have shown that early post-natal exposure to valproate leads to altered sensory
responsivity, sensory gating, and motor performance in rats. Post-natally valproate-treated rats
were under-responsive to auditory stimuli and showed deficits in auditory sensory gating.
Sensory under-responsivity has been identified as the more prevalent form of sensory
dysfunction in ASD, and it is the sensory characteristic that best distinguishes children with ASD
from children with other neurodevelopmental disorders [1, 12]. Further, deficits in prepulse
inhibition have been shown in adults with autism [56] and in children with autism and Fragile-X
syndrome [57]. Therefore, an animal model that exhibits auditory under-responsivity and
sensory gating deficits may be particularly relevant for this diagnostic group.

Interestingly, pre-natal valproate exposure has been shown to lead to sensory over-responsivity,
particularly in the tactile domain [38] and this characteristic is redolent of another subset of
autistic children who are overly sensitive to sensory stimuli. When considered alongside our
data, this suggests that valproate exposure during salient pre- and post-natal periods of brain
development in rodents may elicit the spectrum of over and under-responsivity that is seen in
individuals with ASD. No other animal model of autism has been shown to exhibit this range of
behaviors. The data further suggests that the timing of teratogenic insult may invoke differing
deficits in neural development and, therefore, a comparison of the biochemical impacts of the
pre- and post-natal valproate models may help us to understand the nature of toxic insults that
lead to specific behavioral abnormalities on the autism spectrum.

The finding that under-responsivity was only found in the auditory domain, is relevant in the
context of the rats’ early post-natal brain development and the timing of the valproate injection.
Sensitive periods for development of the auditory system occur over the first few weeks of post-
natal development in rats. The injection time (PND6-12) corresponds to the sensitive period of
development of the primary auditory cortex (A1) and the sub-cortical auditory system, which has
been shown to range from PND4-14 [58,59] with refinement of receptive fields continuing
throughout the first month of life . In contrast, rapid cortical map plasticity occurs in Layer 4 of
the somatosensory cortex during the first week of post-natal rodent development [60] with
distribution of thalamic afferents in the primary somatosensory cortex (S1) starting around
PNDO and showing mature topographic orientation in relation to cortical barrels around PND4-
PND7[61, 62]. While development of the somatosensory cortex continues to be refined over the
first few weeks of life, particularly in Layer 2/3[63, 64], it is possible that PNDO to ~PND5 would
be the most salient for disruption of tactile responsivity. This is one possible explanation for why
there were no significant differences in tactile responsivity between our control and valproate-



treated rats, since our injections did not begin until PND6. Future studies are warranted which
examine effects on tactile startle when injections are done in the first five days of post-natal
development; this has yet to be examined in the rat or mouse model.

The effects of post-natal valproate exposure on sensory gating were also interesting to
consider. Change scores (reported in percent change from auditory startle to auditory startle +
prepulse) were significantly different between groups, with the valproate-treated rats showing a
much smaller change in response magnitude. This may be due to the fact that their response to
the auditory stimulus alone was significantly lower than that of controls and therefore the
amount of gating required was much less; it is possible that initial startle responses in the
valproate treated rats were so low that a floor effect was seen when the pre-pulse stimulus was
presented. This would suggest that in this particular animal model, the problem may be one of
initial orientation rather than inhibition. Using electroencephalography (EEG), children with
autism have been shown to have smaller amplitude responses to novel auditory stimuli,
particularly in the P300 wave, compared to typical children and children with learning disorders
[65, 66]. Whitehouse & Bishop [67] also showed that children with autism showed reduced
orienting to novel tones presented in a sequence of speech sounds, suggesting potential links
between auditory orienting responses and speech/language impairments in this population.
While sensory gating deficits remain important to consider in the autism population, and in
animal models of the disorder, additional testing paradigms are needed to understand and
characterize these sensory processing characteristics more fully.

Gender-specific differences in sensory processing were also interesting to consider in this
model. Female rats treated with valproate did not differ significantly from control rats during the
juvenile stage but were found to have significantly diminished auditory startle responses and
altered sensory motor gating during adolescence. It is possible that significant differences at
PND23 were not found due to the small number of subjects in the female group. However, while
effect sizes for both auditory startle and auditory gating were moderate in adolescence (pn?=
501, pn?= .525) they were relatively small at the juvenile stage (pn?= .168, pn®=.043). This
suggests that even with a larger n, effects of valproate treatment would likely not be found in
females at PND23 for these dependent variables. Human studies have shown that girls are
often identified as autistic at a later age than boys [68] and this may suggest differences in the
timing of symptom manifestation. To the best of our knowledge, no human studies have
explored changes in sensory responsivity or sensory gating in children with ASD over time so it
is unclear if this sensory processing shift in our adolescent rats translates to any human
phenomena. Certainly, this is an area for further exploration.

Finally, group differences in motor performance were apparent between the valproate-treated
and the control rats. Valproate-treated rats performed both the sunflower-seed eating test and
the final trial of the vermicelli handling test slower than control animals did. Therefore, while both
groups were capable of performing the task (i.e. eating the item), the valproate-treated rats
performed the task less efficiently. Since the valproate-treated rats required more paw
adjustments and engaged in more atypical sensory motor behaviors (e.g. twirling, use of
unilateral technique) it appears that these rats had more difficulties in finer aspects of motor
control and/or difficulty coordinating the functions of the forepaws bilaterally. Since optimal



motor output is guided by accurate and efficient intake and processing of sensory input,
impaired somatosensory processing is one explanation for the observed motor deficits. Despite
the fact that we did not see differences in tactile startle responsivity between our valproate and
non-valproate treated groups, the fine motor/motor-learning deficits observed in the motor tasks
suggest that sensory-motor cortical development was affected by valproate-treatment. Future
studies may consider the use of discrimination-based tests for assessing somatosensory
function in these animals, rather than a tactile startle paradigm which assesses the modulation
of stimulus response. Regardless of the etiology, the observed deficits in motor behaviors such
as forepaw dexterity and coordinated bilateral paw movements suggest that the post-natal
valproate model does in fact mimic many of the atypical motor behaviors seen in children with
ASD.

5. Conclusions

Valproate use in humans during pregnancy has been shown to lead to a significantly higher
incidence of autism and autism-related behaviors in offspring. Valproate treatment in rodents
has, therefore, been suggested as a valid model for eliciting autistic-like behaviors in
developmental neuroscience research. The goal of the present study was to characterize
sensory responsivity, sensory gating, and skilled motor performance in rats post-natally treated
with valproate. We conclude that this model does mimic many of the features seen in individuals
with ASD including auditory under-responsivity which has not been documented in other animal
models of autism. While results clearly indicate specific effects of valproate, future studies
should consider use of an untreated and unhandled control group to establish a developmental
time course of normal sensory and motor behavior. Use of pre and post-natal valproate
injections during sensitive periods of brain development may also prove useful for eliciting both
under and over responsivity in specific sensory systems and provide a valid model for studying
the range of sensory and motor deficits observed individuals with ASD.



Figure Captions

Figure 1. Auditory (top) and tactile (bottom) startle response magnitude data for male and
female rats in the control and valproate-treated groups on post-natal day (PND) 23 and 45 (* p <
0.05; ** p < 0.01).

Figure 2. Acoustic pre-pulse inhibition in male and female rats in the control and valproate-
treated groups on post-natal day (PND) 23 and 45 (* p < 0.05).

Figure 3. Sensory-motor behaviors observed in male and female rats in the control and
valproate-treated groups during the vermicelli-handling task. Each session included three pasta
trials (* p < 0.05; ** p < 0.01).

Note: Uni = Unilateral Technique; Twirl = rotation of the pasta = 180°; FTC= Failure to
Contact reach; Posture= observation of atypical posture; Head= Angling of pasta with
head tilt.

Figure 4. Time required to complete each trial of the vermicelli-handling task in control and
valproate-treated rats (* p < 0.05).
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ABSTRACT

Self-injurious behavior (SIB) is a debilitating characteristic that is prevalent across a broad spectrum of
neurodevelopmental disorders. In most of these disorders, some individuals exhibit SIB, whereas others
do not. However, the neurobiological mechanisms that confer vulnerability are virtually unexplored. We
examined innate characteristics that contribute to vulnerability or resistance for SIB in an animal model of
the behavioral pathology. Eighteen outbred Long-Evans rats were screened for behavioral responsiveness
to the mild stress of a novel environment. The rats were then categorized as high responders (HR; those
rats that had the highest locomotor counts) or low responders (LR; those rats that had lower locomotor
counts) by median split. All the rats were then given daily injections of the indirect monoamine agonist
pemoline (150 mg/kg/day) for 10 days, and self-injury was evaluated. All 9 HR rats and 5 of the 9 LR
rats exhibited self-injury. The HR rats spent more time self-injuring, injured more body sites, and caused
larger areas of tissue damage than the LR rats did. Furthermore, the behavioral responsiveness to novelty
stress was significantly correlated with each of these measures of self-injury. The HR rats did not exhibit
substantially enhanced responses on other measures of psychostimulant action (stereotypy, grooming,
locomotion, rearing). Accordingly, vulnerability to develop pemoline-induced SIB is positively correlated
with, and can be predicted based upon, a behavioral measure of innate stress responsiveness. These
findings suggest that characteristics that are common in developmental disorders may help predispose
afflicted individuals to self-injure. The findings also extend the variety of behavioral pathologies (e.g.

drug addiction) for which the HR/LR model predicts vulnerability.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Self-injurious behavior (SIB) is arguably the most devastating
of all the behavioral problems that are commonly seen in individ-
uals with neurodevelopmental disorders. These disorders include
Lesch-Nyhan syndrome, Prader-Willi syndrome, autism, and intel-
lectual disabilities in general. The prevalence and forms of SIB
are highly variable when comparing these diagnostic groups, and
within most of them, there are substantial individual differences in
incidence and severity of SIB. Virtually all individuals with Lesch-
Nyhan syndrome exhibit self-biting [1], whereas the incidence of
skin-picking in Prader-Willi syndrome is estimated around 80-90%
[7,56]. Approximately 50% of children with autism bang their heads
and punch or slap themselves [3], and estimates of the rate of self-
injury across other intellectually-disabled groups is highly variable
[49]. The reasons for these individual differences are not well char-
acterized, but these behaviors can produce severe physical harm,
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and they interfere with all educational and socializing activities
[18,42,43].

The fact that SIB is prevalent in so many neurodevelopmental
disorders suggests that common underlying variables may con-
tribute to the etiology and expression of SIB in these diverse groups.
Indeed, there is abundant evidence that social reinforcers (both
positive and negative) contribute to the ongoing expression of SIB,
and that manipulations that target these reinforcing contingencies
can often produce dramatic improvements in behavior (for review
see [29]). However, social explanations of SIB cannot fully explain
the apparent vulnerability that underlies etiology of SIB in these
populations, and biological factors appear to play an important
role. For example, individuals with the paternal deletion subtype
of Prader-Willi syndrome typically exhibit higher SIB scores than
do Prader-Willi patients with the uniparental disomy subtype of
the disorder [23]. Furthermore, SIB is not shaped by social conse-
quences in about 30% of intellectually-disabled self-injurers [30],
and it is not responsive to standard operant interventions in some
neurodevelopmental disorders (e.g. Lesch-Nyhan syndrome [1]).
Overall, it appears that social conditioning variables contribute
to the etiology and maintenance of SIB in most intellectually-
disabled self-injurers, but that biological variables associated with
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neurodevelopmental disorders confer critical vulnerability to
develop the self-injurious phenotype.

Although various genetic and/or environmental insults may
be the proximate causes of neurodevelopmental disorders, the
functional similarity that contributes to vulnerability for SIB may
include disregulation of cortico-basal ganglia circuitry. This cir-
cuitry participates in motor behavior as well as habit learning and
is regulated by neurotransmitter inputs that originate from several
brain regions. As such, different genetic defects or environmental
insults may lead to similar dysfunction in relation to basal ganglia
output and behavior (for a review see [8]).

Disregulation of limbic and hormonal stress responses may also
contribute. SIB is associated with heightened arousal and feel-
ings of distress in a variety of neurodevelopmental disorders [1,2],
and “stress reduction” is reported to be the most often-used form
of intervention in boys with Lesch-Nyhan syndrome [2]. Further-
more, there is a correlation between SIB and circadian regulation
of stress-related hormone secretion in clinical populations with
intellectual disabilities. Abnormally elevated concentrations of cir-
culating adrenocorticotropic hormone (ACTH) and cortisol were
found in plasma and salivary samples collected from self-injurers
[37,53,57]. However, it is unclear if dysfunction of the limbic
hypothalamic pituitary (LHPA) axis might be a predisposing factor,
oraconsequence of this devastating behavior in these self-injurious
patients. The potential that stress-reactivity contributes to vul-
nerability for SIB has not been explored beyond these descriptive
observations in human samples.

Heightened emotional responsiveness has also been reported
in self-injurious rhesus monkeys, which display more vocalizations
and threat behaviors than do their non-injurious counterparts [47].
In addition, stress exposure has been shown to exacerbate SIB in a
variety of animal models, including neonatal 6-hydroxydopamine
(6-OHDA) lesioned rats [5], environmentally-deprived non-human
primates [12] and chronic treatment with psychostimulants
[14,46]. For example, self-injurious biting is enhanced by acute
footshock stress in the neonatal 6-hydroxydopamine (6-OHDA)
lesion model of SIB [55], and relocation stress increased the expres-
sion of SIB in captive macaques with a prior history of self-injuring
[11]. However, the potential role of innate stress-responsiveness in
etiology of SIB is not revealed in these studies where the effects of
acute stress exposure were examined in animals that already had
well-established patterns of SIB.

Innate stress-responsiveness has been studied in a rodent
model, examining individual differences in behavioral and hor-
monal activation during exposure to mild stress in outbred rats.
In this model, the rats are screened for reactivity in a novel (cir-
cular corridor) environment. Those rats that exhibit high rates
of stress-induced locomotor activation are known as high stress-
responders or HR rats, and those rats that exhibit lower rates of
locomotor activation are known as low responders or LR rats [48].
The HR/LR model is widely recognized as a model of vulnerability
for drug addiction, because the HR rats self-administer stimulant
drugs when they are made available at doses that are too low to sup-
port self-administration in the LR rats [35,36,48]. The HR rats also
exhibit greater novelty-seeking, and less anxiety-related behavior
in neophobic tests than the LR rats do (i.e. preferential exploration
of a novel arm in a maze, greater exploration of the light compart-
ment in a dark/light shuttlebox test, and greater exploration of the
open arms of an elevated plus maze [13,34,54]). The HRrats are also
extremely responsive to social stress exposure. Their expression
of anxiety-related behavior is greatly enhanced after one week of
social isolation [34], and their propensity to self-administer drugs
is diminished by exposure to social defeat [36].

The HR and LR rats also differ in important biochemical char-
acteristics. HR rats exhibit greater and more prolonged elevations
in circulating corticosterone concentrations during novelty stress

[34,48]. HR rats also have higher basal concentrations of extracel-
lular dopamine in the nucleus accumbens (NAcc) than the LR rats
do [24], and they exhibit greater and more prolonged increases in
NAcc dopamine concentrations after tail pinch stress [13,50,51] or
cocaine administration [24,27] than the LR rats do. The HR rats also
express higher basal levels of D receptor binding in the caudate,
and lower levels of dopamine D, receptor binding in the caudate
and nucleus accumbens than the LR rats do [28].

Although the HR/LR model has been studied primarily as a model
of drug addiction, the characteristics of these animals suggests that
they may have relevance for additional forms of psychopathology
[13,31,34,54]. Accordingly, we investigated the potential that these
innate individual differences in behavioral-responsiveness to mild
stress predict individual differences in vulnerability to develop SIB
in an animal model.

2. Materials and methods
2.1. Animals

Eighteen male Long-Evans rats weighing 150-175g upon delivery (Charles
River Laboratories, Raleigh, NC) were housed in a climate controlled vivarium with
a 12h/12h light/dark schedule (lights on at 7:00a.m.). Standard laboratory rat
chow (Lab Diet 5001) and tap water were available ad libitum The rats were pair-
housed in standard polycarbonate cages (43 cm x 21.5 cm x 25.5 cm) during 6 days
of acclimation to the housing facility and for 8 days following screening of stress-
responsiveness. This pair-housing was implemented to avoid the potential impact
of prolonged isolation stress [34] and to allow recovery from any effect of the stress
exposure that could have arisen during the novel environment screening. The rats
were then singly-housed in identical polycarbonate cages upon initiation of pemo-
line treatment, in order to ascertain that any injuries were self-inflicted. All the
experimental procedures were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals (National Research Council, 2003), and were
pre-approved by the Institutional Animal Care and Use Committee at the University
of Florida.

2.2. Drugs

The indirect monoamine agonist pemoline [19,20] (2-amino-5-phenyl-1,3-
oxazol-4-one; Spectrum Chemicals, New Brunswick, NJ) was suspended at a
concentration of 50 mg/ml in warm peanut oil (held at approximately 36 °C), with
constant stirring.

2.3. Stress-responsiveness screening

Innate individual differences in locomotor-responsiveness to mild stress were
screened by testing the rats’ behavior in novel circular corridor environments. Each
circular corridor was constructed by placing a small plastic cylinder inside a larger
plastic cylinder (forming the inner and outer walls of the corridor, respectively).
Both cylinders were washed with 4% bleach and standard bedding was placed on the
floor (7 cm wide, 44 cm outer diameter) of the corridor. The lights in the testing room
were turned off and dim illumination was provided by small lamps placed at the floor
beside each circular corridor (less than 10 lux within the circular corridor). Each rat
was placed individually into this novel environment between 1-2 h after lights on
(i.e. between 8 and 9 a.m.). Video cameras secured to the ceiling were used to record
locomotor behavior for 60 min. A trained observer quantified locomotion by dividing
the video image of the corridor into equal quadrants. One count was recorded each
time the rat crossed a line, but no further counts from that line were made until the
rat crossed another line. The rats were classified as HRs or LRs by median split, and
this classification was verified by comparison with a large sample of rats we have run
in our laboratory in related studies of stress-responsiveness (n=336; median =223
line crossings; unpublished data). Additional biochemical measures (e.g. LHPA axis
function) were not collected during the screening for stress responsiveness, as the
association of these measures with the behavioral activation is very well-established
and robust (e.g. [34,48]), and collection of these samples would require intrusive
procedures that could have affected the subsequent expression of SIB.

2.4. Drug treatment

Starting on the 9th day after the stress-responsiveness screening, an experi-
menter blind to the novelty stress responses of the rats, weighed and injected each
rat with pemoline at 150 mg/kg (s.c.) each day (between 9:00 and 10:00 a.m.) for 10
days. This dose regimen produces self-biting in approximately 50% of rats [38]. The
injections were administered at the nape of the neck and either flank on a rotating
basis. Note that a vehicle-treated control group is not included in this experiment
because we have previously reported that vehicle-treated rats never exhibit SIB in
our experimental protocol [38].



150 A.M. Muehlmann et al. / Behavioural Brain Research 217 (2011) 148-154

2.5. Assays of self-injury and related behaviors

Each rat was visually inspected every morning at the time of the pemoline
injection and then again every evening (5:00-6:00 p.m.), and the inspections were
videotaped. During these inspections, each rat was held in front of a video camera
and the head, forepaws, hindpaws, ventrum and tail were displayed. The total num-
bers of tissue injuries (denuded skin, erythema, edema, or open lesion) was noted for
each rat. Any rat with an open lesion was immediately euthanized (2 of the HR rats
and none of the LR rats). Still images of the injured tissue were captured from the
videotapes, and MCID software (Imaging Research Inc., St. Catharines, ON, Canada)
was used to draw outlines around the injured tissue, and to calculate the total area
of injury for each rat in mm?.

In addition to the scoring of injury sites, night-vision video cameras were focused
on the cages of the rats (one camera per cage), and 5 min time samples were recorded
once per hour for 8 h each night (total 400 min per rat). The duration of self-injurious
oral contact, stereotypy, grooming, rearing and the amount of locomotion were
quantified in the home cage during each time sample, by a trained observer who
was blind to the HR or LR designation. Self-injurious oral contact was defined as all
oral contact that stayed fixed at any specific site on the body for longer than 2 s. This
was differentiated from grooming, which is oral contact with any part of the body
that moves in a predictable manner along the length of a body part (e.g. licking along
a length of a forelimb or flank), or from site to site on the body (e.g. oral contact with
the forepaws, that then moves up each forelimb and continues to the ventrum). In
all our observations of grooming behavior, oral contact is not sustained at any spot
on the body for longer than 2s.

A second trained but experimentally-blind observer re-scored a subset of
the video recordings to evaluate inter-observer reliability for the duration of
self-injurious oral contact (one randomly-selected night of recordings for each
rat).

The duration of stereotyped behaviors was also quantified from the video time
samples. These behaviors included episodes of stereotyped head-bobbing, cage-
licking, and digging/sniffing/burrowing through the bedding, that exceeded 3s
duration [10]. Since individual rats exhibited substantial differences in the expres-
sion of stereotypy (e.g. some primarily exhibited head-bobbing or cage-licking,
whereas others exhibited digging/sniffing/burrowing) the stereotypy scores are
reported as aggregate scores that compile the total duration of all these stereotyped
behaviors.

Home-cage rearing and locomotion were also scored from the video record-
ings. Rearing was counted each time a rat lifted both forepaws off the cage floor
for at least 3s. A subsequent rear was only counted after the rat resumed and
maintained contact with the cage floor for at least 1s. Locomotion was counted
by sectioning the video image of the cage into thirds (i.e. drawing lines on the
television monitor dividing the cage into three equal parts along its length) and
tallying the number of times the rat’s forepaws crossed these lines. However, a
subsequent crossing of that line was only counted after the rat crossed the other
line. Thus, each locomotor count represents a minimum of 14.3 cm traversing of the
cage.

2.6. Statistical analyses

Differences in the percentage of rats that exhibited pemoline-induced self-
injury in the HR and LR rat groups were analysed by a chi-square test.
Between-groups differences in novelty stress-induced locomotion (circular corridor
line crossings), duration of self-injurious oral contact, number of injured sites, area
of the injured tissue, duration of stereotypy, grooming, home-cage rearing, and the
amount of home-cage locomotion were each evaluated using mixed model repeated
measures analyses of variance (RM-ANOVA). Outcomes were treated as statisti-
cally reliable when the p-values were less than 0.05. All significant between-groups
effects were further analysed with pre-planned Fisher’s least significant difference
(LSD) post-hoc comparisons.

The relationship between each rat’s stress-responsiveness (total novelty-
induced locomotion score) and each of the measures of self-injury were also
evaluated with correlational analyses. Pearson correlations were calculated to
determine the relationship between stress-responsiveness and mean nightly self-
injurious oral contact duration, maximal area of tissue injury, and mean nightly
stereotypy scores. In addition, the novelty stress-induced locomotion scores
were converted to rank order (from low to high) and a Spearman correlation
was calculated comparing these rank orders with the rats’ numbers of injured
sites. Similar Pearson correlation analyses were also conducted to evaluate the
relationship between stress-responsiveness and each of the measures of ancil-
lary behaviors (stereotypy, grooming, home-cage locomotion, and home-cage
rearing).

Two HR rats were euthanized before the end of the experiment (both on day
5) because they had open lesions. In these cases, the missing data were replaced
by repeating the final score that was attained for each dependent measure through
the end of the experiment. This strategy was used to avoid the potential that the
group means would under-estimate the area of tissue damage and self-injurious
oral contact scores, and to avoid the potential that the group means would over- or
under-estimate the scores for the other behaviors when the most severe self-injurers
were terminated.

3. Results

The total number of locomotor counts during 60 min exposure
to the novel environment (circular corridor) stress ranged from 156
to 448. The rats that exhibited greater than the median amount of
locomotion were classified as HR (mean=271.67 +22.86) and the
rats that exhibited less than the median amount of locomotion were
classified as LR (mean=191.33 +7.96).

A greater percentage of the HR rats than LR rats exhibited
pemoline-induced self-injury (defined as the presence of any
denuded skin, erythema, edema, or open lesion) during the 11 days
of the experiment; (X2 =30.55, p<0.0001). Overall, each of the nine
HR rats self-injured, whereas only 5 of the 9 LR rats exhibited any
evidence of self-injury. Furthermore, the self-induced tissue injury
was more transient in the LR rats (mean=2.5 days) than it was
in the HR rats (mean=6.1 days). Two of the 5 self-injurious LR
rats had mild tissue injury that was only visible on days 5 or 6,
and these injuries healed before the next inspection. On the other
hand, 8 of the 9 HR rats had visible injury that persisted for 3 or
more days, usually through the end of the experiment. The pro-
portion of rats that self-injured on each day of the experiment is
depicted in Fig. 1A. The HR rats also spent more time self-injuring
(Fig. 1B), had more sites of tissue injury (Fig. 1C), and had larger
total areas of tissue injury (Fig. 1D) than the LR rats did. For the self-
injurious oral contact measure (Fig. 1B), there were significant main
effects of time (F(g144)=3.106, p<0.01) and stress-responsiveness
(F(1,144)=5.354, p<0.05), and there was a significant time by
stress-responsiveness interaction (Fg 144y =2.091, p <0.05), indicat-
ing that the HR rats exhibited self-injurious oral contact throughout
nights 3 through 10, whereas the LR rats typically did not. For
the number of injury sites (Fig. 1C), the RM-ANOVA revealed
significant main effects of time (F1¢ 160) = 8.905, p < 0.01) and stress-
responsiveness (F 160y =6.805, p<0.05), and a significant time by
stress-responsiveness interaction (F(1g160) =3.604, p<0.01). These
outcomes derive from the fact that 6 of the HR rats, and only 2
of the LR rats had self-inflicted tissue injuries at more than one
site. For the measures of areas of tissue injury (Fig. 1D), there
were significant main effects of time (F9160)=5.440, p<0.01),
and stress-responsiveness (F9 160)=4.924, p<0.05), and a signif-
icant time by stress-responsiveness interaction (F1o,160)=3.147,
p<0.01). Four of the HR rats, and only one of the LR rats had tissue
injury areas greater than 100 mm?2.

In addition, the Pearson correlations between total line cross-
ings in the stress-responsive screening with the mean oral contact
duration scores, and with the area of tissue injury scores were each
significant. The Spearman correlation between the rank-ordered
stress-screening scores and the number of injured sites was also
statistically significant. The correlations between these measures
are depicted in Table 1.

Overall, the HR and LR rats did not differ on most measures
of ancillary behaviors (i.e. grooming, home-cage locomotion, and
home-cage rearing) during the regimen of pemoline treatment
(Fig. 2B-D). However, the LR rats expressed slightly longer daily
total durations of stereotypy than the HR rats did. The RM-
ANOVA revealed a significant main effect of stress-responsiveness
(F(1,144)=7.730, p<0.05) for the aggregate stereotypy scores
(Fig. 2A). On the other hand, the Pearson correlation comparing
total novelty stress-induced locomotion with mean stereotypy was
not statistically significant (Table 1). Grooming was a very low rate
behavior for which a significant main effect of time was found
(F9,144)=2.107, p<0.05), but the daily durations did not differ
between the HR and LR rats (Fig. 2B), and the Pearson correla-
tion comparing novelty stress-induced locomotion and grooming
was not statistically significant (Table 1). Similarly, the rates of
home-cage locomotion did not differ between the HR and LR rats
(Fig. 2C), although they changed across the experimental days
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Fig. 1. Individual differences in innate stress-responsiveness predict vulnerability for pemoline-induced self-injury. (A) Most of the HR rats exhibited pemoline-induced SIB,
whereas only a small proportion of the LR rats did. The HR rats also (B) spent more time injuring, (C) injured more body sites, and (D) had larger total areas of tissue injury

than the LR rats did. All values expressed are group means & S.E.M. Significant differences between HR and LR rats are depicted as follows: *p <0.05.

Table 1
Correlations between scores for novelty stress-induced locomotion and the measures of self-injury and ancillary behaviors.
Stress responsiveness SIB/ancillary behaviors Test Correlation Significance
Line crossings Mean self-injurious oral contact Pearson r 0.498 0.018"
Line crossings (rank order) Number of injured sites Spearman rho 0.419 0.042"
Line crossings Largest area of tissue damage Pearson r 0.608 0.004"
Line crossings Mean stereotypy Pearson r -0.204 0.418, n.s.
Line crossings Mean grooming Pearson r —0.145 0.567, n.s.
Line crossings Mean home-cage locomotion Pearson r -0.219 0.383, n.s.
Line crossings Mean home-cage rearing Pearson r -0.308 0.214, n.s.
Significant correlations are depicted as follows: *p <0.05; **p<0.01.
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Fig. 2. Individual differences in stress-responsiveness do not predict the overall expression of ancillary behaviors during pemoline treatment. (A) The LR rats exhibited
significantly more pemoline-induced stereotypy than the HR rats did, but this effect was small. The (B) duration of grooming, (C) frequency of home-cage locomotor counts,
and (D) duration of home-cage rearing did not differ between the HR and LR rats. All values expressed are group means + S.E.M. Significant differences between HR and LR
rats are depicted as follows: *p <0.05.
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(F9,144)y=5.048, p<0.01). In addition, the daily durations of home-
cage rearing behavior did not differ between the HR and LR rats
(Fig. 2D), although they did change across days (F(g144)=6.373,
p<0.01). The Pearson correlations between novelty stress-induced
locomotion and these measures of home-cage activities also failed
to reach statistical significance (Table 1).

4. Discussion

The HR/LR model of stress-responsiveness has been studied
as a rodent model of individual differences in vulnerability for
drug abuse [35,48], trait anxiety [13,34,54], and responsiveness
to treatment for major depressive disorder [31]. Since the clinical
expression of SIB may also be related to behavioral and hormonal
responses to stress [1,14,37,53,57], we hypothesized that indi-
vidual differences in innate stress-responsiveness might predict
which rats are vulnerable for pemoline-induced SIB. Our data sup-
port this hypothesis. The HR rats are more susceptible to develop
pemoline-induced SIB and in doing so exhibit longer durations of
self-injurious oral contact, more sites of injury, and larger areas
of tissue damage than the LR rats do. Of course, the HR and LR
phenotypes are complex (as we have described), and so addi-
tional co-varying characteristics of these animals (e.g. differences
in sensation-seeking or trait anxiety) may also contribute to the
behavioral outcomes. However, these possibilities have not been
explored.

In this study, the HR and LR rats were classified by median
split of the locomotor responses to mild stress using the data from
the current set of 18 rats. The group assignments were verified
by comparison with a large set of rats that we have screened in
other studies, using identical experimental parameters (unpub-
lished data). Regardless of the database used for comparison, the
assignment of the rats was identical. This suggests that the trait is
generally replicable across cohorts (although we recommend that
HR/LR assignments of small cohorts should be checked against a
larger database for consistency in studies of this type). However,
even though the HR/LR model is widely used to study individual dif-
ferences in innate stress-responsiveness, the procedure to classify
animals into HR and LR groups is statistically questionable, since
the underlying locomotor response to novelty is a continuous vari-
able. Therefore, we further verified the relationship between innate
stress-responsiveness and the behavioral measures during pemo-
line treatment using analyses of the underlying correlations. The
positive Pearson correlations between stress-responsive locomo-
tor activation in the novel environment and each of the measures
of self-injury (duration of self-injurious oral contact, number of
injured sites, and area of tissue damage, see Table 1) provides
additional support for the conclusion that individual differences
in innate stress-responsiveness contribute to the expression of
pemoline-induced SIB.

In fact, the individual differences in innate stress-
responsiveness appeared to predict vulnerability for self-injury
quite specifically, in contrast with the lack of association between
stress-responsiveness and each of the other behavioral mea-
sures in this study. The stress-responsiveness of the rats did not
predict the amount of pemoline-induced grooming, home-cage
locomotion, or home-cage rearing. There were also no significant
between-groups differences in body weights (data not shown),
and although there was a marginal between-groups difference in
the aggregate stereotypy scores, this was not confirmed by the
analysis of the correlation between stress-responsiveness and
stereotypy.

The lack of association between stress-responsiveness and
psychostimulant-induced locomotor activation might appear
puzzling upon first glance. Indeed, HR rats exhibit transiently
greater locomotion after acute administration of amphetamine

(0.5-1.0mg/kg) [25], and there are conflicting reports about
individual differences in locomotor responses when a higher
(1.5mg/kg) dose of amphetamine was used [25,48]. The
HR rats exhibit greater locomotor sensitization when they
are treated intermittently with low doses of amphetamine
(0.5-1.0 mg/kg/day), [15,25,26]. However, HR and LR rats do not
differ in locomotor sensitization when injected repeatedly with
a higher (1.5mg/kg) dose of amphetamine [25,33]. Although
pemoline doses cannot be compared directly with amphetamine
doses, the doses of pemoline used in the current study were cer-
tainly in a high range - as this is necessary to produce self-injury.
Accordingly, the lack of association between stress-responsiveness
and each of the measures of home cage activity during pemoline
treatment is compatible with other published reports in which HR
and LR rats were treated with amphetamine.

In our experiments, we have consistently observed that
repeated injections of pemoline are required to produce SIB when
a moderately high dose of pemoline is used [4,14,38,44,45]. Inter-
estingly, co-administration of MK-801 blocked the induction of
SIB in the pemoline model [39,45]. This finding implicates gluta-
matergic neurotransmission in etiology of pemoline, which is not
surprising, since dopaminergic and glutamatergic neurotransmis-
sion are highly interactive. However, glutamatergic signaling is also
strongly implicated in sensitization of dopaminergic neurotrans-
mission [40]. Thus, although we cannot rule out the possibility that
pemoline accumulates over the days of treatment, the data sug-
gest that sensitization may play an important role in the etiology
of pemoline-induced SIB [45].

Most importantly, the data suggest that the pemoline model
may be useful for investigations of the neurochemical basis of
individual differences in vulnerability to self-injure [9,14]. One fun-
damental problem with pharmacological models is that the drug
may have multiple effects, some of which are relevant, and some
of which may be irrelevant for the pathological condition that is
being modeled. Since individual rats differ in expression of SIB, we
are currently investigating the relevant and irrelevant actions of
the drug by comparing biochemical differences between the brains
of rats that self-injure and those that do not when these rats are
given identical drug treatments.

Moreover, the fact that the stress-responsive HR rats are more
highly vulnerable for SIB suggests some interesting targets for these
investigations. One important candidate is the aforementioned
pre-existing individual differences in dopaminergic signaling. This
includes the findings that HR rats have higher basal concentra-
tions of extracellular dopamine [24], larger stress-induced and
cocaine-stimulated elevations in these concentrations [24,27], and
the differences in D1 and D2 receptor binding in the HR and LR rats
[28]. In fact, the innately elevated D1 receptor binding levels in the
HR rats may prove to be particularly interesting, because data from
the 6-OHDA model of SIB suggest that D1 receptor-mediated super-
sensitivity may play a particularly important role in the etiology of
SIB in the lesioned rats (see [5]).

Since there are important interactions between the LHPA
axis and the mesencephalic dopamine projections, the highly
responsive LHPA axis of the HR rats may play an important
role in mediating these differences between HR and LR rats. GR
immunoreactivity is extensively co-localized with tyrosine hydrox-
ylase immunoreactivity in the nigrostriatal and mesocorticolimbic
dopamine neurons [22], and this appears to have functional sig-
nificance for dopaminergic responses to stress. Stress-induced
increases in accumbens dopamine concentrations are blocked in
adrenalectomized rats, and these glucocorticoid-dependent ele-
vations in extracellular dopamine concentrations are greater and
more sustained in intact HR rats than they are in intact LR rats
[13,50,51]. Overall, these differences in basal dopaminergic tone,
acute drug-responsiveness, and glucocorticoid actions between the
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HR and LR rats could contribute to their differential vulnerability
for pemoline-induced SIB.

In conclusion, innate stress-responsiveness predicts vulner-
ability or resistance for self-injury in the pemoline model of
SIB. The heightened susceptibility of the HR rats likely results
from heightened sensitivity or plasticity of the mesencephalic
dopamine projections, and/or exaggerated interactions between
the LHPA axis and these systems. Interestingly, these implica-
tions are redolent of current knowledge of the biochemical basis
of SIB in clinical populations. Most studies have focused on
Lesch-Nyhan syndrome, in which post-mortem analyses reveal
diminished dopamine content in the basal ganglia that is thought
to be associated with post-synaptic striatal supersensitivity to
dopamine [41,52]. Dopaminergic abnormalities have also been
reported in autism spectrum disorders [17,21,59], including Rett
syndrome [6,16], and a polymorphism in the dopamine trans-
porter gene is linked to borderline disorder [32] - a condition in
which SIB is extremely prevalent. Furthermore, abnormal emo-
tional and hormonal-responsiveness to stress has been associated
with the expression of self-injury in neurodevelopmental disor-
ders [1,2,14,37,57]. Hyper-responsiveness of the LHPA axis during
stress has also been reported in autism, and this stress hyper-
responsiveness was particularly pronounced in those with the
most severe core symptoms [58]. Since this subgroup of autistic
patients is particularly vulnerable for self-injury [3], it is possible
that heightened stress-responsiveness plays an important role in
their vulnerability for the behavior disorder. Overall little atten-
tion has been given to interactions between stress-responsiveness
and dopaminergic function in clinical populations of self-injury.
The convergence between our findings in the pemoline model and
the observations in Lesch-Nyhan syndrome, autism, and other dis-
orders suggests that this may be a promising area of investigation.
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Weinstock, N.J. and Devine, D.P. (2011) A mouse model of pemoline-induced self-injurious
behavior. Society for Neuroscience Abstracts, 37: 776.11

Self-injurious behavior (SIB) is a debilitating disorder in which patients bite, punch and hit
themselves, often resulting in serious bodily harm. This behavior is most common in disorders
with intellectual handicaps such as Autism, L-N syndrome, and Prader-Willi Syndrome. Self-
injury is also common in the intellectually handicapped population in general, as well as in
disorders in which the patients display normal intelligence such as schizophrenia, Tourette's
and Borderline Personality Disorder. Currently, behavioral therapy is the best tool we have to
help treat self-injury, but many afflicted individuals are extremely refractory. We have been
working with a model of pharmacologically-induced self-injury in order to increase
understanding of the neurochemical mechanisms that underlie vulnerability for the behavior
disorder in these populations. In this model, rats are injected daily with pemoline until they
display tissue damage, and we have reported evidence of face, construct, etiological, and
predictive validity. In an effort to utilize cutting-edge molecular and genetic techniques, we have
now developed a mouse model of pemoline-induced SIB. We have found that C57BL/6 mice
injected twice daily with pemoline display self-injurious behavior in a dose-orderly manner. This
finding will provide the basis for extending our findings into a new species and allow us to
explore the biochemical mechanisms that underlie pemoline-induced self-injury in genetically-
vulnerable animals.



Van Matre, A.M., Wolfman, S., and Devine, D.P. (2010). Neurotensin plays a modulatory role in
self-injurious behavior: biochemical analyses using an animal model, Gatlinburg Conference on
Research & Theory in Intellectual & Developmental Disabilities, 43: 29.

Introduction: The most debilitating of all the maladaptive behaviors in developmental
disabilities is self-injurious behavior (SIB). SIB consists of stereotyped behaviors that can
produce physical injury (e.g. head-banging, face-punching, self-biting). Pemoline, an indirect
monoamine agonist, produces stereotyped self-biting in rats and is used as an animal model of
human SIB. Previously we found that changes in dopaminergic and glutamatergic
neurotransmission are involved in initiation of pemoline-induced self-injury. We’'ve also shown
that circulating corticosterone (a stress hormone) is elevated in pemoline-treated rats and that
chronic stress potentiates the self-injury. We are now focusing on modulators of dopamine,
glutamate, and stress systems as potential mechanisms that underlie the expression of self-
injury, and as targets for pharmacotherapy. Neurotensin is a neuropeptide that increases
dopamine and glutamate release in the striatum and stimulates the hypothalamic-pituitary-
adrenal axis to increase circulating corticosterone levels.

Methods: In experiment 1, male Long Evans rats were administered either pemoline (150
mg/kg) or peanut oil vehicle each day for five days. On the sixth day the rats were killed, their
brains removed, and the striatum and ventral tegmentum were rapidly dissected. A neurotensin
radioimmunoassay (RIA) was used to measure neurotensin content within these structures. In
experiment 2, rats received daily injections of pemoline (150 mg/kg/day; s.c.) and either O or
0.01 mg/kg of the neurotensin 1 receptor agonist, PD149163 (s.c.), twice daily for five days. In
experiment 3, rats received daily injections of pemoline (150 mg/kg/day) and either 0 or 1.0
mg/kg of the neurotensin 1 receptor antagonist, SR48692, twice daily for five days. SIB was
measured by quantifying the duration of self-injurious oral contact with the skin and by
measuring the size of injured tissue. To determine whether the effects of the neurotensin
targeted drugs were presynaptic or postsynaptic, we analyzed neuronal content of dopamine
and serotonin and their metabolites. We also evaluated the phosphorylation status of a
postsynaptic protein, DARPP-32, to determine the effects of the neurotensin targeted drugs on
this critical integrator of dopamine, glutamate, and neurotensin signaling in postsynaptic
neurons of the striatum.

Results: In experiment 1 we found that neuronal neurotensin content in the striatum was higher
in pemoline-treated rats (i.e. the self-injurers) than in vehicle-treated controls. No differences in
ventral tegmental neurotensin content were found between pemoline- and vehicle-treated rats.
In experiments 2 & 3 we found that the neurotensin 1 receptor agonist and antagonist had
opposite effects on pemoline-induced SIB. The agonist significantly increased the time spent
injuring and the severity of the injury, whereas the antagonist significantly decreased the time
spent injuring and the severity of the injury. On measures of presynaptic monoamine content,
both drugs (when administered twice daily during concurrent repeated pemoline injections)
increased neuronal concentrations of dopamine and serotonin and their metabolites (HVA,
DOPAC, and 5HIAA). Since these drugs had opposite effects on behavior, we conclude that the
relationship between presynaptic monoamine concentrations and the expression of pemoline-
induced SIB is not straightforward. We are continuing to evaluate the effects of the neurotensin
1 receptor agonist and antagonist on DARPP-32 expression and phosphorylation in pemoline-
and vehicle-treated rats.

Conclusions: Although our investigations into the role of neurotensin in pemoline-induced SIB
are still on-going, we suggest that targeting neurotensin neurotransmission may be a clinically
relevant pharmacotherapeutic strategy to reduce human SIB.



Devine, D.P. (2011). Disregulation of dopamine and glutamate neurotransmission in animal
models of self-injurious behavior, Experimental Biology 2011, S369.

Symposium Title: Autism and PDD: Neuropathology, pharmacotherapies, and new directions
Division of Behavioral Pharmacology, ASPET

Chair: Ellen Walker, PhD
Department of Pharmaceutical Sciences
Temple University School of Pharmacy

Synopsis: Autism is a heritable neurodevelopmental disorder classified within a broader domain of
pervasive developmental disorders (PDD). Autism is characterized by impairments in three core
domains: social interaction, language development, and patterns of behavior (restricted and
stereotyped). The clinical pattern and severity of impairments vary and the level of cognitive
functioning of individuals with autism spans the range from extreme mental retardation to advanced
intellect. This symposium will address the status of the neuropathology, the genetic and environmental
risk factors, and the pharmacology of autism. At the present time, models and drug treatment strategies
are directed toward treating particular target symptom domains such as: motor hyperactivity and
inattention; aggression and self-injurious behavioral; stereotypical and repetitive behavior; and, core
social and language impairments. The applications of new pharmacological strategies and model
development will be stressed in this symposium.

Titles:

Robert Schultz, Ph.D., The Brain in Autism: Perspectives from Neuropsychology and Neuroimaging.
An overview of the current understanding of this complex disorder and its biological
foundations. The key features of the clinical syndrome can be introduced through
neuropsychology, genetic, and neuroimaging studies.

Michael G. Aman, Ph.D., Neurochemistry in the pathophysiology of autism.

The challenge for the development of drugs for the core symptoms of autism can be addressed
in this presentation. The current literature and pharmacological treatments strategies for
inattention, overactivity, impulsiveness, communication/social impairment, irritability, self-
injurious behavior, and aggression will be discussed.

Diane C. Chugani, Ph.D., Serotonin dysregulation in autism spectrum disorders.
Serotonin has been implicated in many behaviors observed in individuals who have autism. The
serotonin system is also of interest because of its essential role in brain development and
impact on critical areas of the brain that may be dysfunctional in individuals who have autism.
This presentation would review the various roles of serotonin in autism research.

Darragh Devine, PhD., Dopamine and glutamatergic neurotransmission in animal models of self-
injurious behavior.
The pharmacology of both dopamine and glutamate in animal models of self-injurious behaviors
is proposed in addition to the validity of these models for predicting new treatments.

Craig Powell, M.D., Ph.D., Behavioral Genetics and Mouse Behavioral Tasks Relevant to Autism.
Research focusing on genes that mediate social behavior in mice may help identify neural
circuitry and pharmacology essential for normal social interaction, and lead to novel animal
models of the autism behavioral phenotype.



Devine, D.P. (2010). The role of stress-responsiveness in self-injurious behaviors: Biochemical
studies in an animal model, First International Congress on Borderline Personality Disorder, 1:
S-031.

The Role of Stress-Responsiveness in Self-Injurious Behaviors:
Biochemical Studies in an Animal Model

We are investigating a rodent model of self-injury, a feature that is prevalent in Borderline
Personality Disorder (BPD). Long-Evans rats were injected daily with the monoamine agonist
pemoline, and self-biting was monitored. Individual rats differed in vulnerability for self-injury,
and the outcomes were predicted a priori, by evaluating innate stress-responsiveness. Stress
hyper-responsive (HR) rats exhibited self-biting behaviour, whereas less stress-responsive (LR)
rats did not. Self-biting was increased by a history of emotional stress exposure. The HR and
LR rats did not differ in basal measures of nociceptive (thermal) sensory sensitivity, and
although pemoline treatment decreased sensitivity, the effects did not differ between the HR
and LR rats. We propose that over-responsive neuroendocrine mechanisms alter monoamine
function in pemoline-treated HR rats, and that the resulting neurochemical changes contribute to
expression of self-injury. Environmental stress further promotes monoaminergic dysfunction,
and overall these stress-responsive characteristics resemble abnormalities found in BPD.
Pemoline-induced subsensitivity to nociceptive stimulation is also compatible with reports from
BPD patients. However, since pain sensitivity did not differ between the vulnerable HR and
resistant LR rats during pemoline treatment, the data suggest that diminished pain sensitivity
may contribute to, but is not a definitive feature of vulnerability for etiology of SIB.
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Introduction: Self-injurious behavior (SIB) is highly prevalent in developmental disabilities.
Interestingly, it is not a definitive trait of most diagnostic categories. Rather, some children within each
diagnostic group develop self-injury, whereas others do not. Accordingly, there seems to be a shared
vulnerability that underlies its etiology across disorders, and there is abundant evidence that the
vulnerability for SIB derives (at least in part) from a neuropathological basis. One important clue is that
SIB is particularly prevalent in disorders where ongoing distress, pathological irritability, and
disregulation of stress hormones are prominent features [1-3]. Additional clues come from clinical trials
of pharmacological interventions, from post-mortem neurochemical analyses, and from studies in animal
models.

Methods: We are examining the neurobiological basis of vulnerability for SIB in an animal model. After
repeated treatment with pemoline (a monoamine uptake blocker), rats exhibit self-injurious biting. We
have refined and validated this model, improved behavioral measures of SIB, and identified multiple lines
of convergence between clinical SIB and the pemoline model [4]. In one experiment, 18 Long-Evans rats
were screened for individual differences in behavioral and hormonal responsiveness to the mild stress of a
novel environment. The rats were then categorized as high stress-responders (HR) or low stress-
responders (LR) by median split. All the rats were then given daily injections of pemoline (150
mg/kg/day) for 10 days, and self-injurious biting was evaluated.

Results: Seven of the 9 HR rats and 1 of the 9 LR rats exhibited substantial self-biting behavior.
Furthermore, the HR rats spent more time self-injuring, injured more body sites, and caused larger areas
of tissue damage than the LR rats did. Furthermore, the stress-responsiveness scores were significantly
correlated with each of these measures of self-injury. The HR rats did not exhibit enhanced responses on
other measures of psychostimulant action (stereotypy, grooming, locomotion, rearing), and these
measures were not correlated with stress-responsiveness.

Discussion: Overall, we found that individual rats differ in vulnerability for pemoline-induced SIB, and
pre-existing stress-responsive phenotypes contribute to this vulnerability. An important feature of our
model is that SIB onsets gradually in the vulnerable rats during treatment with pemoline. This allows us
to examine neuroplastic modifications that occur during the induction of SIB, to identify whether specific
neurochemical alterations coincide with the development of SIB, and to characterize neurochemical
differences between vulnerable and invulnerable rats. This may provide insight into biochemical
mechanisms that confer innate vulnerability for the self-injurious phenotype, reveal convergent
mechanisms where heightened stress responsiveness contributes to altered neurotransmission, and
identify potential targets for further biochemical and pharmacological investigation.

Key References:

1. Anderson, L.T., Ernst, M. (1994). Self-injury in Lesch-Nyhan disease, J. Autism. Dev. Disord., 24: 67-
81.

2. Sovner, R., Fogelman, S. (1996). Irritability and Mental Retardation, Semin. Clin. Neuropsych., 1:
105-114.

3. Kemp, A.S., Fillmore, P.T., Lenjavi, M.R., Lyon, M., Chicz-DeMet, A., Touchette, P.E., Sandman,
C.A. (2008). Temporal patterns of self-injurious behavior correlate with stress hormone levels in the
developmentally disabled, Psychiatry Res., 157: 181-1809.

4. Muehlmann, A.M., Brown, B.D., and Devine, D.P. (2008). Pemoline-induced self-injurious behavior:
a rodent model of pharmacotherapeutic efficacy, J. Pharmacol. Exp. Ther., 324: 214-223.
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Publications:

Thesis and Dissertation:

1. Devine, D. P. (1993). The involvement of ventral tegmental opioid receptors in mediation of opiate-reward
and in modulation of mesolimbic dopamine: Behavioural and neurochemical analyses, Doctoral
Dissertation, Concordia University, Montréal, Canada.

2. Devine, D. P. (1988). An empirical evaluation of the latent structure of cognitive analgesia strategies,
Master's thesis, Carleton University, Ottawa, Canada.
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1. Devine, D.P. (in preparation). Self-injurious behavior: Biochemical factors that confer vulnerability in
intellectually-handicapped populations, Journal of Intellectual Disabilities Research.
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2. Edge, C., Rice, K. G., and Devine, D.P. (in preparation). Physiological stress reactivity of perfectionists,
Psychoneuroenmdocrinology.
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natal valproate rat model of autism, Developmental Neuroscience.
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behavioral characterization in an animal model, Genes Brain and Behavior.

3. Muehlimann, A.M., Kies, S.D., Turner, C.A., Wolfman, S., Lewis, M.H., and Devine, D.P. (in press). Self-
injurious behavior: Limbic disregulation and stress effects in an animal model, Journal of Intellectual
Disabilities Research. (Special issue on self-injurious behavior)

4. Wolfman, S. and Devine, D. P. (2011). The Effects of Chronic Social Stress on a Rodent Model of Self-
Injurious Behavior, J. Undergraduate Research, 12 (3): 1-4.

5. McDonald, C. J., Murphy, T. K., and Devine, D. P. (in press). Relationship between cortisol concentration
and tic severity in children with Tourette’s syndrome, J. Undergraduate Research, 12 (3): 1-4.
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Devine, D.P. (2011). Animal Models of Self-Injurious behaviour: An Overview, ch. 4, In: Psychiatric
Disorders: Methods and Protocols, Vol. 829, F. H. Kobeissy (Ed.), Humana Press, New York, NY. pp. 68-
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self-injurious behaviour, Behavioural Brain Research, 189: 32-40.

Muehlmann, A.M., Brown, B.D. and Devine, D. P. (2008). Pemoline-induced self-injurious behavior: a
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